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I 


Abstract 


Summary 


Radwan,  M.A.;  Shumway,  J.S.  Response  of  Douglas-fir  seedlings  to  nitrogen,  sulfur, 
and  phosphorus  fertilizers.  Res.  Pap.  PNW-346.  Portland,  OR:  U.S.  Department  of 
Agriculture  Forest  Service,  Pacific  Northwest  Research  Station;  1985. 14  p. 

Effects  of  nitrogen,  sulfur,  and  phosphorus  fertilizers  on  growth  and  nutrient  content  of 
Douglas-fir  seedlings  potted  in  Grove  and  Bunker  forest  soils  were  determined.  Growth 
was  primarily  stimulated  with  nitrogen  in  the  Grove  soil  and  with  phosphorus  in  the 
Bunker  soil.  Fertilization  influenced  nutrient  levels  in  the  seedlings.  Growth  results  agree 
with  observed  response  of  Douglas-fir  to  fertilization  in  the  field  where  the  soils  were 
collected.  Data  also  suggest  that  low  phosphorus  and/or  high  nitrogen  may  be  responsi- 
ble for  lack  of  positive  growth  response  of  Douglas-fir  to  nitrogen  fertilizer  on  some  sites. 

Keywords:  Fertilizer  response,  nutrient  elements  (plant),  plant-soil  relations,  seedling 
growth,  Douglas-fir. 

Two  experiments  were  conducted  to  determine  effects  of  N,  S,  and  P  fertilizers  on 
growth  and  nutrient  content  of  Douglas-fir  {Pseudotsuga  menziesii  (Mirb.)  Franco) 
seedlings  grown  in  two  different  forest  soils  in  a  lathhouse.  In  both  experiments,  soils  of 
the  Grove  and  Bunker  series  were  used.  The  Grove  soil  was  obtained  from  a  fertilizer- 
test  installation  where  Douglas-fir  had  shown  good  growth  response  to  N  fertilizer;  the 
Bunker  soil  was  collected  from  another  field  installation  that  did  not  show  significant 
response.  One-year-old  seedlings  from  a  low-elevation  seed  source  were  used,  and 
each  study  was  run  for  2  years.  In  experiment  1,  fertilizers  were:  (1)  urea  [U];  (2)  U  + 
powdered  S  [U  +  S];  (3)  U  +  CaS04  [U  +  OS];  (4)  (NH4)2  SO4  [AS];  and  (5)  sulfur- 
coated  urea  [SOU].  In  experiment  2,  fertilizers  were:  (1)  U;  (2)  triple  superphosphate 
[TP];  (3)  U  +  TP;  (4)  TP  +  CS;  and  (5)  U  +  TP  +  CS.  Fertilization  was  carried  out  in 
early  spring  (that  is,  April-May).  In  both  experiments  seedling  growth  was  primarily 
stimulated  with  N  in  the  Grove  soil  and  with  the  P  fertilizer  in  the  Bunker  soil;  S, 
with  N  or  P,  did  not  affect  growth  in  either  soil.  In  addition,  seedling  growth  in  Bunker 
soil  was  consistently  less  with  than  without  U  or  U  +  S,  although  not  significantly  so. 
Nutrient  concentrations  of  the  untreated  seedlings  varied  between  the  shoots  and  roots, 
and  reflected  the  status  of  nutrients  in  the  two  soils.  Fertilization  influenced  nutrient 
concentrations,  and  trends  varied  by  nutrient  and  between  shoots  and  roots.  Amounts 
of  nutrients  were  significantly  increased  in  both  the  shoots  and  roots  by  U  fertilizer  in  the 
grove  soil  and  by  the  P  fertilizer  in  the  Bunker  soil,  reflecting  significant  enhancement  of 
seedling  growth  and  nutrient  uptake  and  utilization.  Results  agree  with  response-to-N 
observations  obtained  in  the  field  where  the  test  soils  were  collected  and  confirm  earlier 
reports  that  positive  response  of  Douglas-fir  to  application  of  N  fertilizer  is  not  always 
possible.  Overall,  the  data  also  suggest  that  low  supplies  of  P  and/or  high  soil  N,  and 
not  S,  may  be  responsible  for  lack  of  positive  response  of  Douglas-fir  to  N  fertilizer. 
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Introduction 


In  the  Pacific  Northwest,  intensive  managennent  of  Douglas-fir  (Pseudotsuga  menziesii 
(Mirb.)  Franco)  forests  currently  includes  application  of  synthetic  fertilizer  to  commercial 
forests.  The  practice  started  some  20  years  ago,  and  by  1 979  approximately  500,000  ha, 
mostly  in  Douglas-fir,  had  been  operationally  fertilized  with  nitrogen  (N)  (Bengtson  1979). 


Although  growth  response  of  Douglas-fir  to  N  fertilizer  is  generally  good,  about  30 
percent  of  the  unthinned  stands  do  not  respond  positively  to  treatment  (University  of 
Washington  1975).  The  exact  causes  of  this  lack  of  response  are  unknown.  Several 
reasons  have  been  postulated,  but  supplies  of  sulfur  (S)  and/or  phosphorus  (P)  seem 
to  be  among  the  most  likely  factors  affecting  response.  This  assessment  is  based  upon 
investigations  that  have  shown:  (1 )  depletion  of  SO4-S  reserves  in  Douglas-fir  foliage  by 
N  fertilizer  (Humphreys  and  others  1975,  Turner  and  Lambert  1978);  (2)  decrease  in 
mineralization  of  soil  S  by  N  fertilizer  (Kowalenko  and  Lowe  1975, 1978);  (3)  requirement 
of  adequate  supplies  of  foliar  SO4-S  for  positive  growth  response  of  Douglas-fir  to  N 
fertilizer  (Turner  and  others  1 977, 1 979) ;  (4)  association  of  low  soil  P  with  lack  of  positive 
growth  response  of  Douglas-fir  to  N  fertilizer  on  some  sites  in  western  Washington;^ 
and  (5)  substantial  increase  in  growth  of  potted  Douglas-fir  seedlings  by  application  of 
P  fertilizer  (Heilman  and  Ekuan  1980,  Strand  and  Austin  1966). 

This  study,  therefore,  was  designed  to  study  effects  of  N,  S,  and  P  additions  on  growth 
and  nutrient  content  of  Douglas-fir  seedlings  grown  in  two  forest  soils  in  a  lathhouse.  We 
are  aware  of  the  limitations  of  pot  tests  in  providing  prescriptions  that  can  be  directly 
applied  to  field  situations.  However,  the  very  limited  information  about  Douglas-fir 
nutrition  now  available  and  the  high  cost  of  establishing  field  tests  strongly  justify 
preliminary  experimentation  with  seedlings. 


Materials  and 
Methods 


The  study  consisted  of  two  separate  experiments.  Both  experiments  utilized  seedlings 
from  the  same  seed  source  and  the  same  two  different  soils.  Each  experiment  included 
six  treatments  and  was  run  for  2  years.  Experiment  1  (1980  to  1982)  compared  N 
fertilizer  alone,  N  plus  different  sources  of  S,  and  untreated  controls.  In  experiment  2 
(1981  to  1983),  comparisons  were  between  controls  and  treatments  with  N,  P,  N  +  P, 
P  +  S,  and  N  +  P  +  S. 


Test  Soils 


Soils  of  the  Grove  and  Bunker  series  were  selected  for  study;  these  soils  differ  greatly 
in  many  of  their  properties  and  they  are  known  to  support  Douglas-fir  growth  in  many 
areas  in  the  Pacific  Northwest.  The  soils  were  obtained  from  the  control  plots  of  two 
low-elevation,  Douglas-fir  fertilizer-test  installations  located  in  western  Washington.  The 
Grove-soil  installation,  maintained  by  the  University  of  Washington  Regional  Forest 
Nutrition  Research  Project,  showed  good  positive  growth  response  to  N  fertilizer.  The 
Bunker-soil  installation,  administered  by  the  Washington  State  Department  of  Natural 
Resources,  did  not  show  significant  response. 


-^  Unpublished  data  on  file,  Forestry  Sciences  Laboratory, 
3625  93d  Ave.  S.W.,  Olympia,  WA  98502. 


At  each  installation,  the  forest  floor  was  removed,  and  the  top  20-cm  layer  of  mineral  soil 
was  dug  up  and  transported  to  the  lathhouse  in  Olympia.  The  soil  samples  were  passed 
through  a  0.6-cm  sieve  to  remove  large  rocks  and  debris,  mixed  thoroughly,  and  placed 
in  7.6-1  plastic  pots.  Each  pot,  with  a  top  area  of  about  3x10"^  ha,  contained  approxi- 
mately 6  kg  of  soil,  on  an  air-dry  basis. 

A  representative  sample  of  each  soil  was  passed  through  a  2-mm  sieve,  and  sieved 
subsamples  were  used  for  determination  of  selected  chemical  characteristics  as  shown 
below. 


Test  Seedlings 


Uniform,  bare-root,  1 -year-old  Douglas-fir  seedlings  grown  from  a  low-elevation  seed 
source  at  Washington  State  Department  of  Natural  Resources  Webster  Forest  Tree 
Nursery  were  used.  In  early  spring  1980  and  1981,  seedlings  were  individually  planted 
in  the  plastic  pots  containing  the  two  different  soils.  A  three-seedling  group  served  as 
the  basic  experimental  unit.  There  were  three  three-seedling  groups  (three  replications 
and  nine  seedlings)  for  each  soil-fertilizer  treatment.  Seedlings  were  placed,  as  groups 
of  three,  at  random  on  benches  in  a  roofed  lathhouse. 


Treatments 


In  experiment  1,  treatments  were:  (1)  untreated  control  (C);  (2)  urea  (U);  (3)  U  -i- 
powdered  S  (U  +  S);  (4)  U  +  CaS04  (U  +  CS);  (5)  (NH4)2  SO4  (AS);  and  (6)  sulfur- 
coated  urea  (SCU).  All  fertilizers  were  applied  at  a  rate  equivalent  to  150  kg  N/ha.  It  was 
not  possible  to  apply  S  at  the  same  rate  for  all  S  treatments  while  maintaining  the  same 
rate  of  N  application  (that  is,  1 50  kg/ha)  and  using  different  S  sources.  Application  rates 
of  S,  in  kilogram  per  hectare,  were:  0  for  treatments  1  and  2;  171  for  treatments  3,  4, 
and  5;  and  62  for  treatment  6.  Fertilizers  were  applied  to  the  seedlings  in  1 980  and  again 
in  1981. 


In  experiment  2,  treatments  were:  (1)  untreated  control  (C);  (2)  U;  (3)  triple  super- 
phosphate (TP);  (4)  U  +  TP;  (5)  TP  +  CS;  and  (6)  U  +  TP  +  CS.  Rates  of  application 
were  150  kg  N/ha,  171  kg  S/ha,  and  500  kg  P/ha.  N  was  applied  in  1981  and  again  in. 
1982,  but  S  and  P  were  applied  only  once,  in  1981 . 

In  both  experiments,  fertilizers  were  applied  in  early  spring  (that  is,  April-May),  and 
first-year  treatments  were  assigned  to  the  seedling  groups  at  random.  Fertilizers  were 
mixed  with  the  top  2-cm  layer  of  soil,  and  the  pots  were  watered  the  same  day. 
Periodically,  the  seedlings  were  watered  with  deionized  water  as  needed,  and  watering 
was  done  carefully  without  wetting  the  foliage  or  leaching  soil  solution.  Seedlings  were 
grown  under  natural  temperature  and  light  conditions  in  the  lathhouse,  and  the  pots 
were  wrapped  with  glass  wool  insulation  during  the  winter  to  reduce  the  likelihood  of 
freezing  injury  to  the  roots. 


Growth  Measurements 


Height  and  diameter  of  test  seedlings  were  measured  prior  to  treatment  and  at  the  end 
of  each  experiment  2  years  later.  At  harvest,  shoots  and  roots  were  separated  by 
clipping  at  the  root  collar.  Roots  were  washed  free  of  soil,  and  excess  moisture  was 
removed  with  blotting  towels.  Roots  and  shoots  were  cut  up  and  dried  to  constant  weight 
at  65  °C.  Height  and  diameter  growth,  and  dry  weight  of  shoots  and  roots  of  individual 
seedlings  and  averages  for  the  different  three-seedling  groups  (replications),  as  well  as 
grand  averages  per  treatment  (three  replications)  were  calculated. 


Processing  of  Seedling 
Shoots  and  Roots 


Ovendry  tissues,  separated  by  plant  part,  replication,  soil,  and  treatment  were  individu- 
ally ground  to  40  mesh  in  a  Wiley  mill.  Samples  were  stored  in  plastic  containers  at 
-  15  "C  until  analyzed. 


Chemical  Analyses 


Soils  were  characterized  by  determination  of  pH  on  a  1 :1  mixtures  with  water  by  glass 
electrode,  total  N  by  semimicro-Kjeldahl  method  (Bremner  and  Mulvaney  1 982),  total  S 
by  turbidimetric  method  (Butters  and  Chenery  1 959),  Bray  2-extractable  P  according  to 
Bray  and  Kurtz  (1945),  cation  exchange  capacity  by  NH4OAC  extraction  (Chapman  and 
Pratt  1961),  and  exchangeable  K,  Ca,  and  Mg  (NH4CAC  extraction)  by  atomic  absorp- 
tion (Anonymous  1976).  At  harvest,  some  soil  samples  were  taken  at  different  depths 
from  the  pots  receiving  the  P  fertilizer,  and  extractable  P  was  estimated  in  order  to 
determine  P  movement  in  the  soil. 


Plant  shoots  and  roots  were  analyzed  for  N  by  Kjeldahl  procedure,  S  by  turbidimetric 
method  (Butters  and  Chenery  1959),  P  by  molybdenum  blue  technique  (Chapman  and 
Pratt  1961),  and  K,  Ca,  and  Mg  by  atomic  absorption  (Anonymous  1976).  Contents  of 
selected  nutrients  in  seedling  shoots  and  roots  were  calculated  from  tissue  dry  weights 
and  nutrient  concentrations. 


Statistical  Analysis 


For  the  different  variables  measured  in  each  experiment,  data  were  treated  by  analysis 
of  variance  to  assess  effects  of  soils  and  treatments;  means  within  soils  were  separated 
by  Tukey's  test  as  required  (Snedecor  1 961 ).  Differences  were  considered  significant  at 
p<0.05. 


Results  and 
Discussion 

Study  Soils 


The  Grove  and  Bunker  soil  samples  used  in  this  study  differed  in  many  of  their 
characteristics  (table  1).  Parent  material  was  glacial  for  Grove  and  basalt  for  Bunker. 
The  Bunker  sample  was  particularly  higher  in  N,  S,  cation  exchange  capacity,  and 
exchangeable  Mg,  and  lower  in  extractable  P  than  was  the  Grove  soil.  There  were  only 
small  differences  between  the  two  soils  in  pH,  exchangeable  K,  and  exchangeable  Ca. 


Table  1 — Selected  characteristics  of  study  soils 


Soils  series 


Item 


Grove 


Bunker 


Soil   parent  material 

pH 

Kjeldahl   N  (%) 

Total   S  {%) 

Bray  2-extractable  P   (ppm) 

Cation  exchange  capacity  (me/lOOg) 

Exchangeable  (NH4OAC)  K  (me/lOOg) 

Exchangeable  {NH4OAC)  Ca  (me/lOOg) 

Exchangeable  {NH4OAC)  Mg  (me/lOOg) 


llacial 

Basalt 

5.55 

5.20 

.20 

.30 

.02 

.05 

65.0 

5.2 

23.7 

37.2 

.4 

.5 

2.0 

2.2 

.3 

.6 

Seedling  Growth 


The  three-seedling-group  arrangement  allowed  ample  space  for  individual  seedlings  to 
grow  for  2  years  in  large,  but  manageable  pots.  This,  we  believe,  provided  for  more 
trustworthy  results  than  if  seedlings  had  been  crowded  into  smaller  pots. 

In  both  experiments,  seedlings  roots  were  mycorrhizal.  There  was  no  evidence  of 
disease  or  insect  damage  on  seedling  roots  or  shoots. 

Experiment  1. — Without  fertilization,  there  were  only  small  differences  in  growth  of 
seedlings  in  the  two  soils  (table  2).  Fertilization  had,  however,  a  significant  effect  on 
growth  in  the  Grove  and  not  in  the  Bunker  soil.  Although  differences  between  the 
controls  and  the  fertilized  trees  in  the  Bunker  soil  were  never  significant,  all  fertilizers 
appeared  to  depress  growth.  This  is  an  indication  of  the  negative  effects  of  N  fertilizer, 
which  have  been  observed  in  the  field  with  Douglas-fir  and  other  conifer  species.  In  the 
Grove  soil,  all  fertilizers  significantly  increased  diameter  growth  as  well  as  root  and  shoot 
dry  weights;  only  height  growth  was  not  significantly  affected  by  treatment.  Also,  in  that 
soil,  fertilizers  were  equally  effective  except  for  the  U  +  CS  mixture  which  produced 
larger,  but  mostly  insignificant,  increases  in  diameter,  height,  and  root  and  shoot  dry 
weights  more  than  any  other  fertilization  treatment.  This  effect  was  probably  not  caused 
by  the  presence  of  S.  More  likely,  the  increased  response  was  caused  by  the  calcium 
sulfate,  which  can  reduce  the  rise  in  soil  pH  by  urea,  and/or  by  the  growth-stimulating 
effect  of  Ca  as  reported  by  Heilman  and  Ekuan  (1973). 


Table  2 — Effect  of  fertilization  over  a  2-year  period  on  growth  of  Douglas-fir 
seedlings  in  2  forest  soils-^ 


Diameter  growth 

Height  growth 

Root  dry 

weight 

Shoot  dry 

weight 

Treatment 

Grove          Bunker 

Grove 

Bunker 

Grove 

Bunker 

Grove 

Bunker 

Mi  Hi  meters 

Centimeters 
■EXPERIMENT  1    (1980 

-1982) 

r 

7.0a            5.2a 

40a 

34a 

17.2a 

15.7a 

22.2a 

20.0a 

u 

10.2b            5.5a 

45a 

28a 

33.1b 

11.4a 

43.2b 

17.9a 

U  +  S 

10.7bc           5.2a 

45a 

27a 

31.7b 

10.2a 

46.3bc 

15.2a 

U  +  CS 

n.7c            5.2a 

51a 

26a 

35.9b 

10.4a 

56.6c 

15.9a 

^s 

ll.lbc          5.5a 

48a 

25a 

27.8b 

13.6a 

46.8bc 

19.9a 

scu 

9.9b            5.7a 

48a 

27a 

28.9b 

12.2a 

41.6b 

18.5a 

EXPERIMENT  2  (1931 

-1933) 

r* 

3.5a            4.9a 

19a 

25a 

7.5a 

9.9a 

7.7a 

14.4a 

tj 

10.1b            4.3a 

55b 

21a 

30.8b 

6.2a 

44.0b 

10.9a 

TP 

4.5a             8.7b 

24a 

54b 

9.9a 

18.6b 

11.0a 

38.8b 

U  +  TP 

12.9c             9.7bc 

o5b 

52b 

37.6b 

23.2b 

72.5c 

44.2b 

TP  +  CS 

4.9a             9.1bc 

26a 

54b 

9.5a 

21.3b 

12.6a 

41.7b 

U  +  TP   +  CS 

13.4c           10.5c 

52b 

56b 

35.6b 

25.6b 

62.4c 

45.2b 

V  C  =  Untreated  control,  U  =  urea,  S  =  powdered  sulfur,  CS  =  calcium  sulfate,  AS  =  ammonium 
sulfate,  SCU  =  sulfur-coated  urea,  TP  =  triple  superphosphate.  Values  are  averages  of  3 
replications  each.  Within  each  experiment,  averages  in  the  same  column  followed  by  different 
letters  are  significantly  different  at  p  >  0.05. 


In  this  experiment  seedlings  responded  positively  to  added  N  only  in  the  low-N  Grove 
soil;  average  seedling  responses  were  52  percent  in  diameter  and  102  percent  in  total 
dry  weight  Added  S,  in  whatever  form  it  was  used,  did  not  affect  seedling  growth 
response  to  N  application  in  either  soil.  This  indicates  that  S  was  not  limiting  even  in  the 
Grove  soil,  which  was  much  lower  in  S  content  than  was  the  Bunker  soil  (table  1). 

Experiment  2. — For  both  soils,  the  unfertilized  seedlings  were  generally  smaller  in  this 
than  in  the  previous  experiment  (table  2).  Unlike  the  first  experiment,  however,  fertilizers 
affected  growth  in  both  soils  and  effects  varied  by  soil  and  fertilizer. 

As  in  experiment  1,  seedling  growth  in  the  Grove  soil  was  significantly  increased  by  N 
application.  N  alone  increased  diameter  growth  by  180  percent,  height  growth  by 
190  percent,  and  seedling  dry  weight  by  390  percent.  When  added  with  urea, 
P  increased  diameter  growth  and  shoot  dry  weight  further,  but  P  alone  or  with  S,  and  S 
when  added  with  U  and  P  had  no  affect. 

Growth  in  the  Bunker  soil  was  consistently  less  with  than  without  urea  alone  or  urea  with 
S,  although  not  significantly  so.  Duhng  cold  weather,  some  seedlings  had  purple 
needles,  typical  of  P  deficiency  in  other  plants,  that  were  apparently  induced  by  the  N 
fertilizer.  In  that  soil,  significant  growth  response  to  fertilizer  was  obtained  primarily  with 
P;  only  diameter  growth  was  significantly  increased  further  by  addition  of  N  or  N  and  S 
to  the  P  fertilizer.  Averaged  over  all  P  treatments,  growth  responses  in  diameter,  height, 
and  total  dry  weight  were,  respectively,  96  percent,  107  percent,  and  170  percent. 
Similar  results,  with  P  fertilizer  have  been  reported  for  Douglas-fir  seedlings  grown  in 
coastal  soils  from  Oregon  and  Washington  (Heilman  and  Ekuan  1980,  Strand  and 
Austin  1966). 

Results  from  both  expehments  show  positive  response  to  N  fertilizer  only  in  the  Grove 
soil,  which  is  low  in  N  and  high  in  P  content.  This  is  in  agreement  with  results  of  the  field 
fertilizer-test  installations  where  the  study  soils  were  collected.  The  data  also  indicate 
that  although  N  is  considered  to  be  the  primary  growth-limiting  nutrient  in  forests  of  the 
Pacific  Northwest,  Douglas-fir  growing  on  soils  of  low-P  status  may  benefit  only  from 
additions  of  P. 


Nutrient  Concentrations 
of  Seedling  Shoots  and 
Roots 


Experiment  1 . — Nutrient  concentrations  in  the  untreated  seedlings  appeared  to  vary  by 
plant  part  (that  is,  shoot  or  root)  and  by  soil  (table  3).  In  both  soils,  concentrations  were 
generally  higher  in  the  shoots  than  in  the  roots.  In  addition,  seedlings  grown  in  Bunker 
soil  were  mostly  higher  in  N,  S,  and  K,  and  lower  in  P,  reflecting  the  status  of  nutrients 
in  the  two  soils. 


Nutrient  concentrations  in  the  shoots  of  the  unfertilized  seedlings  are  comparable  with 
values  in  the  literature  (Krueger  1967,  Radwan  and  others  1974). 

Fertilization  affected  nutrient  concentrations,  and  trends  appeared  to  vary  mostly  by 
nutrient  and  by  plant  part.  The  N-containing  fertilizers  increased  N  and  decreased  P 
concentrations  in  seedling  shoots  and  roots  in  both  soils.  The  N  increase  reflects  uptake 
of  fertilizer  N  by  the  seedlings.  Depression  of  P  by  N  fertilizer  has  been  observed  before 
with  foliage  of  Douglas-fir  (Heilman  and  Gessel  1963,  Radwan  and  others  1984b)  and 
other  conifers  (Radwan  and  others  1984a);  Tamm  (1956)  attributed  such  reductions  in 
P  to  stimulation  of  P-consuming  soil  organisms  by  the  N  fertilizer. 

The  U  +  CS  treatment  increased  Ca  concentration  in  seedling  shoots  and  roots  in  both 
soils,  reflecting  increased  Ca  uptake  from  the  added  calcium  sulfate.  Surprisingly, 
however,  calcium  sulfate  and  other  sulfur-containing  fertilizers  did  not  increase  S 
concentration  in  the  shoots  or  roots  in  either  soil.  Apparently,  any  increased  uptake  of  S 
was  offset  by  the  dilution  effect  resulting  from  increased  growth  in  Grove  soil.  Similar 
results  with  S  in  foliage  of  western  hemlock  {Tsuga  heterophylla  (Raf.)  Sarg.)  have  been 
recently  reported  (Radwan  and  others  1984a). 


With  some  exceptions,  especially  with  Mg  in  seedling  shoots  from  Grove  soil,  concentra- 
tion of  K  and  Mg  were  affected  little  by  fertilizer.  This  is  in  agreement  with  results 
obtained  recently  with  foliage  of  Douglas-fir  saplings  (Radwan  and  others  1984b). 


Table  3 — Effect  of  fertilization  (in  percent  of  dry  weight)  on  nutrient  concentrations 
in  seedling  shoots  and  roots  (experiment  1,  1980-82)^ 


Nutrient 

Soil  and 

treatment 

N 

P 

S 

Ca 

Mg 

K 

Shoots 

Grove  soi 1 : 

r 

0.69a 

0.14a 

0.09a 

0.33ab 

0.12a 

0.45a 

U   . 

1.37b 

.08b 

.07b 

.30ab 

.08b 

.31a 

u  +  s 

l.Ub 

.07b 

.09a 

.28b 

.08b 

.32a 

u  +  cs 

l.Olab 

.07b 

.11a 

.41c 

.08b 

.30a 

AS 

1.36b 

.07b 

.10a 

.29ab 

.09b 

.29a 

SCU 

1.21b 

.09b 

.09a 

.34a 

.lOab 

.36a 

Bunker  soil: 

C 

1.23a 

.10a 

.14a 

.26a 

.11a 

.61a 

U 

2.30a 

.04b 

.09c 

.28a 

.lla 

.56ab 

U  +  S 

2.31b 

.05b 

.lObc 

.25a 

.11a 

.59ab 

U  +  CS 

2.41b 

.05b 

.12ab 

.34b 

.lla 

.58ab 

AS 

2.43b 

.05b 

.12ab 

.27a 

.09a 

.45b 

SCU 

2.34b 

.05b 

.12ab 
Roots 

.25a 

.10a 

.50ab 

Grove  soil: 

C 

.56a 

.11a 

.07ab 

.17a 

.10a 

.26a 

U 

.78bc 

.lOab 

.06b 

.22a 

.lla 

.28a 

u  +  s 

.74abc 

.lOab 

.08a 

.19a 

.10a 

.25a 

u  +  cs 

.64ab 

.09b 

.08a 

.29b 

.10a 

.19a 

AS 

.71abc 

.09b 

.09a 

.19a 

.09a 

.25a 

SCU 

.84c 

.lOab 

.07ab 

.19a 

.08a 

.24a 

Bunker  soil: 

C 

.78a 

.09a 

.11a 

.20a 

.13a 

.42a 

u 

1.14b 

.06b 

.08b 

.21ab 

.lOab 

.45a 

u  +  s 

1.24b 

.06b 

.09ab 

.23ab 

.llab 

.49a 

U  +  CS 

1.22b 

.06b 

.10a 

.27b 

.lOab 

.50a 

AS 

1.13b 

.07b 

.11a 

.20a 

.lOab 

.49a 

SCU 

l.Ub 

.07b 

.09ab 

.22ab 

.09b 

.44a 

1_/  C  =  untreated  control,  U  =  urea,  S  =  powdered  sulfur,  CS  =  calcium 
sulfate,  AS  =  ammonium  sulfate,   SCU  =  sulfur-coated  urea.     Values  are 
averages  of  3  replications  each.     Within  each  soil   of  each  seedling  part, 
averages  in  the  same  column  followed  by  different  letters  are  significantly 
different  at  p  <   0.05. 


Experiment  2. — As  expected,  added  P  did  not  move  much  in  the  soil  profile.  In  both 
soils,  fertilizer  P  remained  within  the  top  5  cm,  and  there  was  no  detectable  increase  in 
native  P  beyond  the  5-cm  depth  at  the  end  of  the  experiment.  Added  P  was  clearly 
available,  however,  for  uptake  by  the  seedlings  as  many  roots  were  in  the  surface  soil 
layer  in  direct  contact  with  the  P  supply. 

With  few  exceptions,  nutrient  concentrations  of  the  unfertilized  seedlings  of  this 
experiment  (table  4)  were  similar  to  those  of  expehment  1 .  Also,  as  in  experiment  1 , 
fertilizers  influenced  nutrient  concentrations  of  the  seedlings.  For  example,  urea 
generally  increased  N  and  depressed  S  and  P  concentrations  of  the  shoots  and  roots  in 
both  soils.  Triple  superphosphate,  on  the  other  hand,  had  little  effect  on  nutrient 
concentrations  of  the  Grove  plants,  but  reduced  N,  S,  and  K  contents  in  the  Bunker 
seedlings.  In  addition,  calcium  sulfate,  in  mixture  with  TP  or  U  +  TP,  increased  Ca  and 
reduced  S  concentrations  in  shoots  and  roots  of  the  Bunker  seedlings,  and  increased 
Ca  content  in  roots  of  the  Grove  plants. 

Increased  nutrient  concentrations,  such  as  those  of  N  and  Ca,  were  probably  caused  by 
greater  uptake  of  the  elements,  with  or  without  increased  growth,  depending  upon  the 
soil  and  fertilizer  used.  In  contrast,  nuthent  depressions,  such  as  those  observed  in  the 
Bunker  seedlings,  were  mostly  a  result  of  dilution  by  growth  as  the  seedlings  of  this 
low-P  soil  grew  significantly  better  with  than  without  P  fertilizer. 


Table  4 — Effect  of  fertilization  (in  percent  of  dry  weight)  on  nutrient  concentrations 
in  seedling  shoots  and  roots  (experiment  2,  1981-83)^ 


Nutrient 

Soil  and 

treatment 

N 

P 

S 

Ca 

Mg 

K 

Shoots 

Grove  soil: 

C 

0.80a 

0.28a 

0.13a 

0.37a 

0.15a 

0.69a 

u 

1.17b 

.07c 

.06c 

.30b 

.09b 

.29b 

TP 

.67a 

.23a 

.13a 

.35ab 

.15a 

.64a 

U  +  TP 

.77a 

.08c 

.08bc 

.31ab 

.10b 

.23b 

TP  +  CS 

.66a 

.24b 

.13a 

.37a 

.14a 

.67a 

U  +  TP  +  CS 

.84a 

.08c 

.09b 

.34ab 

.10b 

.26b 

Bunker  soil : 

C 

1.70a 

.lOab 

.15a 

.24a 

.09ab 

.48a 

u 

2.46b 

.04c 

.lObc 

.22a 

.09ab 

.60b 

TP 

.88d 

.12a 

.12b 

.25ab 

.lie 

.35c 

U  +  TP 

1.17c 

.06bc 

.09c 

.27abc 

.08a 

.31c 

U  +  CS 

.84d 

.11a 

.12b 

.30bc 

.lObc 

.32c 

U  +  TP  +  CS 

l.llcd 

.07bc 

.09c 
Roots 

.31c 

.08a 

.33c 

Grove  soil: 

C 

.58a 

.13a 

.08a 

.20a 

.12ab 

.29a 

U 

.71b 

.09c 

.06b 

.25ab 

.lOab 

.20b 

TP 

.59a 

.16b 

.08a 

.29b 

.14a 

.28a 

U  +  TP 

.65ab 

.09c 

.06b 

.25ab 

.09b 

.18b 

TP  +  CS 

.56a 

.14a 

.08a 

.28ab 

.lOab 

.29a 

U  +  TP  +  CS 

.66ab 

.10c 

.08a 

.32b 

.llab 

.20b 

Bunker  soil : 

C 

.85b 

.09ab 

.14a 

.16a 

.09a 

.32a 

u 

1.20a 

.05d 

.09cd 

.25b 

.09a 

.38a 

TP 

.68d 

.10a 

.lObc 

.17a 

.09a 

.18b 

U  +  TP 

.80bc 

.07c 

.08d 

.21ab 

.06a 

.21b 

TP  +  CS 

.75cd 

.10a 

.12b 

.25b 

.09a 

.19b 

U  +  TP  +  CS 

.81bc 

.08bc 

.08d 

.25b 

.08a 

.22b 

1_/  C  =  untreated  control,  U  =  urea,  TP  =  triple  superphosphate,  CS  = 
calcium  sulfate.     Values  are  averages  of  3  replications  each.     Within  each 
soil   of  each  seedling  part,  averages  in  the  same  column  followed  by 
different  letters  are  significantly  different  at  p  <  0.05. 


Nutrient  Weights  of 
Seedling  Shoots  and 
Roots 


Nitrogen,  P,  Ca,  and  8  were  the  nutrients  most  affected  by  fertilizer  application.  Weights 
of  these  nutrients  per  seedling  are  shown  in  figures  1  and  2.  Unlike  concentrations, 
weights  more  accurately  reflect  changes  in  seedling  biomass  and  the  simultaneous 
uptake  of  different  nutrients  and  their  allocation  among  the  shoots  and  roots. 


Experiment  1. — Within  soils  and  for  almost  all  treatments,  shoots  contained  more 
nutrients  than  the  roots,  reflecting  the  greater  biomass  and/or  higher  nutrient  concentra- 
tions of  the  shoot.  Fertilization  increased  nutrient  weights  in  the  shoots  and  roots  of  the 
Grove  seedlings.  These  gains  most  probably  resulted  from  parallel  increases  in  dry 
matter  production  (table  2)  and  nutrient  uptake  and  utilization.  This  did  not  occur  in  the 
Bunker  soil.  In  that  soil,  most  N  fertilizers  significantly  increased  amounts  of  N  in  the 
shoots  but  not  in  the  roots:  this  was  probably  due  to  luxury  consumption,  as  treatments 
did  not  increase  biomass  (table  2).  In  the  same  soil,  fertilization  also  reduced  amounts 
of  P  in  the  shoots.  These  reductions  must  have  resulted  mostly  from  decreased  P  uptake 
effected  by  additions  of  N,  because  both  shoot  weight  and  P  concentrations  were  lower 
with  than  without  fertilizer  (tables  2  and  3). 


Experiment  2. — As  in  the  first  experiment,  more  dry  matter  was  allocated  to  the  shoots 
than  to  the  roots  in  each  of  the  two  study  soils.  In  the  Grove  soil,  amounts  of  nutrients 
were  significantly  increased  over  the  controls  by  treatments  containing  N  and  not  by  the 
P-  or  (P  +  S)     fertilizers;  growth  of  seedlings  in  this  low-N  soil  was  stimulated  only 
by  N  treatments  (table  2). 


Trends  in  nutrient  accumulation  in  seedlings  grown  in  the  Bunker  soil  were  different  from 
those  observed  in  the  Grove  soil.  Bunker  soil  is  low  in  native  P,  and  only  treatments 
containing  P  significantly  increased  weights  of  nutrients  in  both  the  shoots  and  roots. 
The  greater  nutrient  content  was  clearly  the  result  of  significant  enhancement  of 
seedling  growth  (table  2)  and  nutrient  uptake  and  utilization  with  than  without  P  fertilizer. 
Conversely,  use  of  urea  alone  resulted  in  reductions  in  almost  all  nuthents  in  both  the 
shoots,  and  roots  of  Bunker  seedlings.  These  reductions  resulted  from  decreases  in 
both  seedling  weights  and  nutrient  concentrations  (tables  2  and  4). 
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Figure  1. — Effect  of  fertilization  on  nitrogen  and  pfiosphorus 
contents  of  Dougias-fir  seedling  shoots  and  roots.  (Treatments:  1  = 
untreated  control  (C),  expenment  1;  2  =  urea  (U);  3  =  U  + 
powdered  S;  4  =  U  +  calcium  sulfate  (CS);  5  =  ammonium  sulfate; 
6  =  S       coated  urea;  7  =  C,  experiment  2;  8  =  U;  9  =  triple 
superphosphate  (TP);  10  =  U  +  TP;  11  =  TP  +  CS;  12  =  U  +  TP 
+  CS.) 
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Figure  2 —Effects  of  fertilization  on  calcium  and  sulfur  contents  of 
Douglas-fir  seedling  sfioots  and  roots.  (Treatments:  1  =  untreated 
control  {C),expenment  1,2  =  urea  (U);  3  =  U  +  powdered  S;  4  = 
U  +  calcium  sulfate  (CS);  5  =  ammonium  sulfate;  6  =  S  -  coated 
urea- 7  =  C,  experiment  2;  8  =  U;9  =  triple  superphosphate  (TP); 
10  =  U  +  TP;  11  =  TP  +  CS;  12  =  U  +  TP  +  CS.) 
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Conclusions 


Results  of  the  two  experiments  reported  here  confirm  earlier  observations  that  positive 
growth  response  of  Douglas-fir  to  application  of  N  fertilizer  is  not  always  possible. 
Overall,  the  data  also  suggests  that:  (1)  Soil  analysis  for  important  nutrients  may  be 
helpful  in  diagnosing  inadequate  nutrient  supplies  and  selecting  effective  fertilizer 
prescriptions.  (2)  N  fertilizer  may  be  effective  only  when  soil  supplies  of  native  N  are  low 
and  levels  of  other  nutrients,  especially  P,  are  adequate.  (3)  Low  supplies  of  extractable 
P  and/or  high  soil  N  may  be  responsible  for  lack  of  positive  growth  response  of 
Douglas-fir  to  urea-N  fertilizer,  especially  along  the  coast  where  low  P-high  N  soils  are 
prevalent.  (4)  S  fertilizers  do  not  appear  useful  for  stimulating  growth  of  Douglas-fir  in 
some  soils  such  as  those  used  in  the  present  study.  Such  soils  apparently  have 
adequate  S  supplies.  (5)  Analysis  for  plant  nutrients  may  be  important  for  understanding 
the  growth-nuthtion  relationships.  It  must  be  noted,  however,  that  amounts  and  not 
concentrations  of  nutrients  accurately  reflect  the  true  effect(s)  of  fertilization  treatments 
on  the  uptake  of  nutrients.  (6)  Pot  tests  may  be  useful  in  assessing  different  fertilizers 
on  Douglas-fir,  and  results  may  agree  with  those  from  field  tests.  It  is  prudent,  neverthe- 
less, to  supplement  greenhouse  work  with  field  experiments  in  order  to  develop  reliable 
prescriptions  for  fertilization. 
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English  Equivalents 


1  hectare  (ha)  =  2.47  acres 
1  millimeter  (mm)  =  0.039  inch 
1  centimeter  (cm)  =  0.39  inch 
1  liter  (I)  =  1.06  quarts 
1  gram  (g)  =  0.03527  ounce 
1  kilogram  (kg)  =  2.2046  pounds 
°C  =  (°F  -32)/1.8 
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Effects  of  nitrogen,  sulfur,  and  phosphorus  fertilizers  on  growth  and 
nutrient  content  of  Douglas-fir  seedlings  potted  in  Grove  and  Bunker 
forest  soils  were  deternnined.  Growth  was  prinnarily  stimulated  with 
nitrogen  in  the  Grove  soil  and  with  phosphorus  in  the  Bunker  soil. 
Fertilization  influenced  nutrient  levels  in  the  seedlings.  Growth  results 
agree  with  observed  response  of  Douglas-fir  to  fertilization  in  the  field 
where  the  soils  were  collected.  Data  also  suggest  that  low  phosphorus 
and/or  high  nitrogen  may  be  responsible  for  lack  of  positive  growth 
response  of  Douglas-fir  to  nitrogen  fertilizer  on  some  sites. 


Keywords:  Fertilizer  response,  nutrient  elements  (plant),  plant-soil 
relations,  seedling  growth,  Douglas-fir. 
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Abstract 


Pong,  W.Y.;  Waddell,  Dale  R.;  Lambert,  Michael  B.  Wood  density-moisture  pro- 
files in  old-growth  Douglas-fir  and  western  hemlock.  Res.  Pap.  PN\A/-347. 
Portland,  OR:  US  Department  of  Agriculture,  Forest  Service,  Pacific  Northwest 
Research  Station;  1986.  30  p. 


Accurate  estimation  of  the  weight  of  each  load  of  logs  is  necessary  for  safe  and  ef- 
ficient aerial  logging  operations.  The  prediction  of  green  density  (Ib/ft^)  as  a  func- 
tion of  height  is  a  critical  element  in  the  accurate  estimation  of  tree  bole  and  log 
weights.  Two  sampling  methods,  disk  and  increment  core  (Bergstrom  xyloden- 
simeter),  were  used  to  measure  the  density-moisture  complex  in  wood.  The  rela- 
tionship between  wood  density  and  height  was  best  described  by  either  quadratic 
or  cubic  polynomial  functions.  Prediction  functions  for  green  and  dry  wood  density 
are  presented  for  old-growth  western  hemlock  and  Douglas-fir  Sapwood  and  heart- 
wood  functions  were  analyzed  separately  as  were  trees  with  and  without  heartrot. 

Keywords:  Wood  density,  moisture  content  (wood),  old-growth  stands,  Douglas-fir, 
western  hemlock. 


Summary 


Because  of  the  critical  weight  limitations  of  many  aerial  logging  systems,  an  ac- 
curate technique  is  needed  for  estimating  tree  bole  and  log  weight.  An  integral  part 
of  a  weight  estimation  procedure  is  the  characterization  of  the  wood  density- 
moisture  complex  in  trees. 


To  examine  this  complex  a  pilot  study  was  conducted  during  the  summers  of  1981 
and  1982  in  the  Wind  River  Experimental  Forest  in  southwest  Washington.  Old- 
growth  western  hemlock  (Tsuga  heterophylla  (Raf.)  Sarg.)  and  Douglas-fir  {Pseudo- 
tsuga  menziesii  (Mirb.)  Franco  var.  menziesii)  on  four  experimental  plots  were 
tested.  Various  categories  of  wood  density  (dry-green,  sapwood-heartwood,  and 
defective-nondefective  wood)  were  analyzed  using  relative  height  as  the  indepen- 
dent variable.  Relative  height  is  defined  as  the  ratio  of  the  height  of  any  point  on 
the  bole  to  total  tree  height  above  a  1-foot  stump.  Regression  analysis  yielded 
quadratic  and  cubic  polynomial  equations  for  the  various  wood  density  categories. 

Green  density  functions  were  found  to  be  unique  for  each  species  and  were  un- 
dular  in  character  (cubic  equation).  In  comparison,  dry  density  changed  little,  with 
height  exhibiting  a  relatively  flat  function.  The  distribution  of  moisture  in  the  bole 
was  responsible  for  the  difference  between  the  green  and  dry  functions.  Heartwood 
moisture  distributions,  as  measured  by  green  density  values,  demonstrated  large 
changes  with  relative  height,  while  sapwood  profiles  were  smoother  with  less 
change  per  increment  of  relative  height.  Heartrot  and  wetwood  increased  the 
amount  of  moisture  in  the  boles. 


Results  indicated  potential  improvements  in  bole  and  log  weight  estimation  when  a 
predictive  function  is  used  instead  of  single  value.  Figures  and  examples  are  pro- 
vided for  potential  application  of  the  prediction  functions. 
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Introduction 


Aerial  logging  systems  ("heavy-lift"  helicopters,  balloons,  and  air  ships)  have 
critical  weight  linnitations.  Their  efficient  operation  is  dependent  on  the  ability  to 
carry  the  maximum  payload  on  each  turn  without  exceeding  the  lift  capacity  of  the 
system.  Because  of  this,  accurate  estimates  of  log  weights  are  required.  In  aerial 
logging,  the  overload  tolerance  is  zero.  Errors  in  estimating  log  weights  lead  to 
aborted  lifts  and  failure  of  the  average  payload  to  approach  lift  capacity.  This, 
coupled  with  the  high  costs  of  aerial  logging  operations,  makes  errors  in  log  weight 
estimation  a  critical  factor  in  the  performance  of  the  logging  system. 


Accurate  estimation  of  log  weights  is  dependent  on  the  ability  to  predict  accurately 
the  volume  and  green  density  of  the  wood-moisture  complex  in  the  bole  of  the  tree. 

The  variation  of  wood  density  and  moisture  within  boles  of  trees  has  been  the  sub- 
ject of  numerous  investigations  (Clark  and  Gibbs  1957,  Markstrom  and  Hann  1972, 
Parker  1954,  Stewart  1967)  that  were  viewed  as  academic  exercises  with  limited  in- 
terest and  application.  This  view,  however,  has  changed.  Recent  studies  have  been 
conducted  on  biomass  (Bones  and  others  1981,  Tritton  and  Hornbeck  1982),  weight 
scaling  (Mann  and  Lysons  1972,  Wensel  1974),  wood  quality  evaluation  (Okkonen 
and  others  1972),  logging  equipment  and  design  needs  (Adamovich  1975,  1979; 
Conway  1976),  and  aerial  logging  (Dykstra  1975).  In  these  studies,  variability  in  den- 
sity and  moisture  is  recognized  as  an  important  factor  in  weight  estimation.  In  many 
many  applications  a  stand  "average"  for  the  weight  per  unit  of  volume  is  appro- 
priate; in  others,  weight  estimates  are  needed  relative  to  bole  location,  such  as 
butt,  middle,  and  upper  logs. 


Objectives 


We  examined  the  density  variation  of  the  wood-moisture  complex  in  tree  boles  of 
old-growth  Douglas-fir  {Pseudotsuga  menziesii  (Mirb.)  Franco  var.  menziesii)  and 
western  hemlock  (Tsuga  heterophylla  (Raf.)  Sarg.).  The  study  had  three  objectives: 


1.  To  estimate  the  relationship  between  density  and  height  in  the  tree  for  the  wood- 
moisture  complex  in  the  sapwood  and  heartwood  of  old-growth  Douglas-fir  and 
western  hemlock. 

2.  To  determine  the  moisture  distribution  in  the  sapwood  and  heartwood  of  old- 
growth  Douglas-fir  and  western  hemlock. 

3.  To  determine  the  effect  of  defect  in  tree  stems  on  the  relationship  between  den- 
sity and  height  in  the  tree  for  the  wood-moisture  complex  in  old-growth  Douglas-fir 
and  western  hemlock. 


Findings  presented  in  this  paper  will  also  be  incorporated  in  a  future  paper  with 
tree  bole  volume  equations  to  develop  a  model  for  estimating  bole  weight  and  in- 
dividual log  weights. 


Methods 

study  Area 


Tree  Sample  Selection 


The  study  area  is  in  the  Wind  River  Experimental  Forest,  Trout  Creek  Hill  Unit, 
Gifford  Pinchot  National  Forest,  in  southwestern  Washington.  Terrain  is  moderately 
steep  with  slopes  varying  from  10  to  40  percent  at  an  elevation  of  2,000  feet.  Old- 
growth  Douglas-fir  and  western  hemlock  are  the  principal  tree  species  in  the  study 
area  (about  80  percent  by  volume);  secondary  species  include  western  redcedar 
{Thuja  plicata  Donn  ex  D.  Don)  and  true  firs  {Abies  spp.). 

Study  trees  were  selected  from  a  randomly  stratified  sample  of  old-growth  (180 
years  and  older)  Douglas-fir  and  western  hemlock  in  four  plots;  stratification  was 
based  on  tree  d.b.h.  (diameter  at  breast  height).^ 


Selection  took  place  during  the  summers  (June-September)  of  1981  and  1982. 
Trees  selected  in  1981  were  from  three  5-acre  plots  and  the  1982  trees  were  from 
one  20-acre  plot.  The  1981  sample  consisted  of  29  Douglas-fir  and  29  western 
hemlock  that  were  selected  to  fill  predetermined  d.b.h.  classes  for  each  species 
(table  1).  In  the  1981  sample,  highly  defective  trees  and  trees  that  were  damaged 
were  excluded  from  selection  because  of  a  corollary  study  for  developing  crown 
weight  estimators  (Snell  and  Max  1984).  Trees  selected  in  1982  were  not  analyzed 
for  crown  weights  but  were  selected  to  fill  predetermined  size  classes  without 
regard  to  defect.  The  1982  sample  consisted  of  25  Douglas-fir  and  25  western 
hemlock  (table  1). 


^'Diameter  of  the  tree  bole  at  4-1/2  feet  above  ground 
level  as  measured  on  the  uphill  side  of  the  tree. 


Table  1— Frequency  distribution  of  sample  trees 
by  diameter  class 
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Field  Measurements  Only  a  brief  outline  of  the  field  procedures  used  to  collect  the  data  is  presented. 

Readers  are  referred  to  Waddell  and  others  (1984)  for  greater  detail  on  the  pro- 
cedures employed. 

Two  different  methods  were  used  to  obtain  specimens  for  density  determination  in 
this  study:  disk  and  increment  core. 

Disk.— The  disk  method  was  used  for  the  1981  trees  only.  Wood  samples  for  densi- 
ty determination  were  obtained  from  the  disks  (cross-sectional  wafers)  sawn  at  in- 
tervals along  the  length  of  the  bole  of  each  study  tree.  Number  and  location  of  the 
disks  taken  from  a  given  bole  were  limited  by  tree  height,  amount  of  breakage,  the 
requirement  that  the  bole  was  to  be  bucked  into  logs  of  merchantable  lengths,  and 
lengths  such  that  the  weights  would  not  exceed  the  capacity  of  the  front-end  loader 
used  for  weighing.  Because  of  these  limitations,  disks  could  not  be  taken  at  preset 
intervals  along  the  bole  except  at  the  stump  cut-?/   and  at  the  merchantable  top 
d.i.b.  (diameter  inside  bark)  of  6  inches.  A  minimum  of  at  least  five  disks  were 
taken  from  each  tree.  From  each  disk,  wood  samples  approximately  1.5  x  1.5  x  3-i- 
inches,  representing  the  sapwood  and  heartwood  zones,  were  taken  from  four 
wedge-shaped  pieces  cut  radially  along  perpendicular  diameters  of  the  disk.  If  a 
disk  contained  only  sapwood  or  too  little  heartwood  to  produce  a  separate  density 
sample  for  heartwood,  then  only  the  sapwood  sample  was  taken.  All  samples  were 
labeled  for  identification  and  placed  in  separate,  air-tight,  tarred  containers.  At  each 
point  where  the  disk  was  cut  from  the  tree,  the  d.i.b.  along  the  longest  axis  and 
the  axis  at  90°  to  the  longest  axis,  and  the  diameters  of  the  heartwood  zone  along 
the  same  axes  were  measured.  For  western  hemlock,  heartwood  included  the 
wetwood-heartwood  zone  (Ward  and  Pong  1980).  The  length  of  each  bucked  seg- 
ment of  the  merchantable  bole,  length  of  each  disk,  and  total  length  of  the  bole 
were  measured.  In  the  laboratory,  green  weight,  green  volume  (by  water  emer- 
sion)(Brown  and  others  1952),  and  ovendry  weight  of  each  sample  were  determined 
and  recorded. 

Increment  core. — In  the  increment  core  method  (used  for  both  the  1981  and  1982 
tree  samples)  density  samples  (increment  cores)  were  extracted  from  the  bole  and 
measured  directly  using  the  Bergstrom  xylodensimeter^   (Waddell  and  others 
1984).  This  approach  uses  an  increment  core  of  specified  diameter  cut  to  a  length 
such  that  the  volumetric  proportions  of  sapwood  and  heartwood  in  the  core  are  the 
same  as  those  of  the  tree  at  the  point  where  the  core  was  extracted.  The  core  is 
inserted  into  a  hydrometer  tube  that  is  calibrated  and  matched  to  a  specific  incre- 
ment borer.  The  hydrometer  containing  the  core  is  floated  in  a  transparent  vial  of 
water  and  green  density  in  pounds  per  cubic  foot  (Ib/ft^)  is  read  directly  from  the 
meniscus  on  the  graduated  stem  of  the  hydrometer 


^At  or  near  a  stump  height  of  1  foot  above  ground  level  as 
measured  on  the  uphill  side. 

^^The  original  prototype  of  this  instrument  was  designed  by 
Gary  Bergstrom,  logging  specialist,  USDA  Forest  Service, 
Rogue  River  National  Forest,  Medford,  Oregon. 


In  the  1981  tree  samples,  two  cores  were  extracted,  one  above  and  one  below 
every  disk  sampling  point  adjacent  to  the  cut.  In  the  1982  samples,  increment 
cores  were  taken  every  6  feet  in  the  lower  one-third  of  the  merchantable  bole^ 
starting  at  d.b.h.  In  the  upper  bole,  two  additional  cores  were  taken:  one  at  a  point 
located  at  two-thirds  the  length  of  the  merchantable  bole  and  the  second  at  a  point 
located  at  one-half  the  length  of  the  upper  one-third  of  the  merchantable  bole.  Bole 
length  to  each  core  sampling  point  and  total  length  of  stem  were  recorded. 

A  comparison  of  green  density  values,  as  determined  by  both  the  disk  and  core 
methods  on  the  1981  trees,  showed  similar  density  results  for  both  methods  with 
negligible  bias  and  only  a  slight  change  in  variation  (Waddell  and  others  1984). 
These  results  showed  that  the  use  of  increment  cores  with  the  Bergstrom  xyloden- 
simeter  can  provide  reliable  density  values  that  are  comparable  to  those  generated 
by  the  disk  method.  The  core  method  was  therefore  used  exclusively  on  the  1982 
trees  to  collect  green  density  data.  Ovendry  density  determinations  were  not  made 
for  the  1982  trees. 

Data  Reduction  and  Density.— The  green  and  ovendry  densities  of  each  radial  sample  taken  from  disks 

Compilation  of  the  1981  trees  were  calculated  by  dividing  the  sample  weight  (green  or  ovendry) 

by  green  sample  volume: 

A,  ^       ^/  ^x       w(g)  or  w(od) 

d(g)  or  d(od)  =  ^^^g^ ;  (1) 

where: 

d(g)  or  d(od)      =     green  or  ovendry  sample  density, 
w(g)  or  w(od)     =     green  or  ovendry  sample  weight,  and 
v(g)  =    green  sample  volume. 

An  arithmetic  average  of  the  densities  calculated  in  equation  (1)  for  the  four  radial 
sapwood  samples  and  the  four  radial  heartwood  samples  from  each  disk  was  com- 
puted for  the  green  and  ovendry  conditions: 


^    di(g) 
dS  or  dH  =     '""*  ,  and  (2) 


E 


d|(0d) 

ds  or  dh  =^^^lL ;  (3) 


"'Merchantable  bole  is  the  length  of  stem  above  a  1-foot 
stump  to  a  6-inch  d.i.b.  top. 


where: 

dS  or  dH  =   the  arithmetic  average  of  green  densities  of  the  sapwood 

heartwood  radial  samples  from  a  given  disk, 

ds  or  dh  =   the  arithmetic  average  of  ovendry  densities  of  the  sapw/ood  or 

heartwood  radial  samples  from  a  given  disk,  and 

dj(g)  or  dj(od)      =   the  green  or  ovendry  density  values  computed  by  equation  (1) 
for  individual  samples  (i=1  to  4)  of  heartwood  or  sapwood 
taken  from  a  given  disk. 

A  single  weighted  green  or  ovendry  density  value  for  the  whole  disk  was  deter- 
mined by  weighting  the  average  density  value  of  the  heartwood  and  sapwood,  as 
calculated  by  equation  (2)  or  equation  (3),  with  the  volumetric  proportions  of  heart- 
wood  and  sapwood  in  the  disk: 

D(9)  =^S^^^H_W    ,      ,„,  ,4) 

D(od)  .cIsVS.dhVH      .  (5, 


VS  +  VH 


where: 


D(g)  or  D(od)  =  weighted  green  or  ovendry  wood  density  of  the  disk, 

dS  or  ds  =  average  green  or  ovendry  density  of  sapwood  in  the  disk, 

dH  or  dh  =  average  green  or  overdry  density  of  heartwood  in  the  disk, 

VH  =  calculated  green  volume  of  heartwood  in  disk,  and 

VS  =  calculated  green  volume  of  sapwood  in  the  disk. 

VH  and  VS  were  calculated  using  dimensions  of  the  disk.  We  assumed  the  disk  to 
be  a  cylinder  with  a  diameter  equal  to  the  average  of  four  diameter  measurements 
taken  on  each  disk.  Two  diameter  measurements  were  made  on  each  side  of  the 
disk;  one  measurement  represented  the  longest  diameter  of  that  side  and  the  other 
measurement  was  taken  at  90°  to  the  first  measurement. 

To  examine  the  impact  of  defect  on  the  density  profile,  the  1982  data  (increment 
cores)  were  stratified  into  three  groups:  (1)  sound  (no  rot  or  other  major  defects  af- 
fecting density),  (2)  defective  (with  heartrot  only),  and  (3)  defective  (all  other 
defects).  Only  the  first  two  groups  were  examined  because  the  last  group  con- 
tained too  few  samples  of  any  one  category  of  defect  to  be  analyzed. 


Relative  height  (RH).   — For  analytical  purposes,  all  height  measurements  were 
converted  to  relative  heights  by  dividing  the  height  to  each  sampling  point  (disk  or 
core)  by  the  total  length  of  the  tree  bole  above  the  stump.  The  use  of  relative 
height  in  place  of  absolute  height  on  the  analysis  would  tend  to  normalize  the  im- 
pact that  varying  tree  height  would  have  on  wood  properties  of  the  tree,  which  are 
correlated  with  height  (Cao  and  others  1980,  Demaerschalk  and  Kozak  1977, 
Lenhart  and  others  1977,  Long  and  others  1981).  Treating  heights  on  a  relative 
basis  was  necessary  because  trees  in  this  study  varied  considerably  in  height, 
because  the  number  of  disks  taken  from  the  1981  trees  varied,  and  because  the 
disks  were  not  sawn  from  the  same  height  in  every  tree  or  at  heights  consistent 
with  the  sampling  point  of  the  increment  cores  extracted  from  the  1982  sample 
trees.  With  the  relative  height  approach,  density  data  collected  either  as  cores  or 
as  disks  from  boles  of  trees  of  varying  height  could  be  used  to  develop  a  profile 
model  of  density. 


Data  Analysis 


The  compiled  data  were  analyzed  by  regression  analysis  using  linear  combinations 
of  wood  density  versus  relative  height  (RH).  Several  curvilinear  models  (linear, 
quadratic,  and  cubic)  using  relative  height  and  various  transformation  of  relative 
height  ((RH)2,  1/RH,  and  1/(RH)2)  as  independent  variables  were  analyzed.  Depen- 
dent variables  regressed  were  wood  density  values  for  western  hemlock  and 
Douglas-fir  in  the  following  groups:  (1)  weighted  green  disk  density  (D(g))  (all  trees), 
(2)  weighted  ovendry  disk  density  (D(od))  (all  trees),  (3)  average  green  sapwood 
disk  density  (dS),  (4)  average  green  heartwood  disk  density  (dH),  (5)  average  oven- 
dry  sapwood  disk  density  (ds),  (6)  average  ovendry  heartwood  disk  density  (dh),  (7) 
green  core  density  (D(g))  (all  trees),  (8)  core  density  (D(g))  (defective  trees;  that  is, 
with  heartrot),  and  (9)  green  core  density  (D(g))  (sound  trees). 


Selection  of  functions  to  regress  density  values  to  relative  height  was  based 
primarily  on  the  highest  coefficient  of  determination  and  lowest  standard  error  of 
the  estimate.  In  some  cases,  the  magnitude  of  these  measures  was  comparable  for 
different  functions;  the  selection,  in  these  instances,  was  based  more  on  the 
general  shape  of  the  regression  through  the  range  of  data  than  on  the  statistics. 
Functions  were  rejected  that  did  not  conform  to  the  general  logical  relationship 
among  the  variables  as  defined  by  current  knowledge. 


Results 


Figures  1-14  are  the  wood  density  scattergrams  and  functions  for  the  various 
measurements  of  green  and  ovendry  wood  density  versus  relative  height.  All  the 
relationships  were  curvilinear  and  were  fitted  by  either  a  quadratic  or  cubic 
polynomial  function  of  the  general  form: 


Y  =  Bo  -I-  BiX  -I-  82x2  -I-  e,  (quadratic),  and 

Y  =  Bo  -I-  Bix  +  B2X2  -I-  B3X3  -I-  e,     (cubic); 


where: 

Y  =  wood  density  value, 

B  =  regression  coefficients, 

x  =  relative  height,  and 

e  =  residual  error 


Each  function  represents  a  composite  profile  of  a  combination  of  several  individual 
trees  for  a  specific  form  of  wood  density  and  will  be  referred  to  as  either  a  "func- 
tion" or  a  "profile"  in  this  paper 


Green  Wood  Density 
Profiles 


Scattergrams  of  weighted  green  wood  density  values  as  determined  by  equation  (4) 
for  the  disks  and  those  measured  by  the  xylodensimeter  for  the  increment  cores 
are  plotted  against  relative  height  in  figure  1  (a-b)  for  western  hemlock  and  in  figure 
2  (a-b)  for  Douglas-fir  Cubic  polynomical  functions  are  regressed  through  the  plots. 
For  comparative  purposes,  a  composite  plot  of  the  disk  and  core  functions  for 
western  hemlock  and  Douglas-fir  are  presented  without  the  data  scatter  in  figures  3 
and  4,  repectively.  A  statistical  summary  of  the  regression  analysis  for  the  disk  and 
increment  core  data  is  presented  in  table  2. 
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Figure  la. — Green  wood  density  profile  of  western  hemlock  based  on  disk 
samples  where:  D(g)  =  predicted  green  wood  density,  and  RH  =  relative 
height  (height  to  sampling  point  divided  by  total  height  of  tree  bole  above 
a  1-foot  stump). 
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Figure  lb. — Green  wood  density  profile  of  western  hemlock  based  on  core 
samples  where:  D(g)  =  predicted  green  wood  density,  and  RH  =  relative 
height:  heignt  to  sampling  point  divided  by  total  height  of  tree  bole  above  a 
1-foot  stump. 
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Figure  2a. — Green  wood  density  profile  of  Douglas-fir  based  on 
core  samples  where: 

D(g)  =  predicted  green  wood  density,  and 
RH    =  relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Figure  2b.— Green  wood  density  profile  of  Douglas-fir  based  on 
^ore  samples  where: 

D(g)  =  predicted  green  wood  density,  and 
RH    =  relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Figure  3.— Core  and  disk  profiles  of  green  western  hemlock 
wood. 
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Figure  4. — Core  and  disk  profiles  of  green  Douglas-fir  wood. 


0.8 


_J 
1.0 


Table  2— Green  wood  density  statistics  for  the  disl<  and  core  samples 


and 

samples 

Regression 

cons 

;tant 

s 

Statistical 

measures  1/ 

Species 

a 

b 

c 

d 

D(g) 

r2 

SE 

n 

Western 

heiiil 

lock: 

Disk 

64, 

.81 

-134, 

,95 

310, 

,24 

-189, 

.64 

54.9 

0.55 

4.9 

166 

Core 

59. 

.11 

-127, 

.91 

313. 

.56 

-212. 

,32 

48.2 

.35 

5.8 

247 

Douglas- 

-fir: 

Disk 

50. 

.65 

-79, 

.00 

142, 

.07 

-69, 

.24 

42.4 

.41 

4.9 

186 

Core 

47. 

.12 

-38 

.30 

63, 

.36 

-23 

.78 

43.1 

.20 

3.8 

369 

V  D(g)=a+b(RH)+c(RH)^+d(RH)-^;  where: 

D(g)  =  predicted  green  density  of  wood  (lb/ft  ); 

RH  =  relative  height  (height  to  sampling  point  divided 

by  total  height  of  tree  bole  above  a  1-foot  stump); 
_  "  3 

D(g)  =  mean  green  density  of  wood  samples  (lb/ft  ); 

2 
R  =  coefficient  of  determination; 

SE  =  standard  error  of  the  estimate;  and 

n  =  sample  size. 

Dry  Wood  Density  Profiles  of  weighted  ovendry  wood  density  values  as  calculated  by  equation  (5)  are 

Profiles  presented  in  figures  5  and  6  for  western  hemlock  and  Douglas-fir,  respectively. 

Quadratic  polynomial  functions  had  the  best  fit  to  the  data.  Except  for  higher 
values  at  the  stump  and  upper  crown,  densities  remained  fairly  constant  with  the 
height  and  varied  within  a  narrow  band  of  values  for  both  species.  Statistical  data 
for  each  function  are  presented  in  table  3.  The  number  of  disk  samples  (n)  used  in 
developing  the  dry  polynomial  functions  differed  from  that  used  in  developing  the 
green  functions  (table  2).  During  the  drying  process  some  of  the  samples  were  in- 
advertantly overdried  and  had  to  be  dropped  from  the  analysis. 
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Figure  5. — Ovendry  wood  density  profiles  of  western  hemlock 
J^ased  on  disk  sannples  where: 
D(od)  =  predicted  ovendry  wood  density,  and 
RH      =  relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Figure  6.— Ovendry  wood  density  of  Douglas-fir  based  on  disk 
samples  where: 

b(od)  =  predicted  ovendry  wood  density,  and 
RH      =  relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 


Table  3— Dry  wood  density  statistics  for  the  disl<  samples 


Regression  con 

istants 

Statistical  measures  1/ 

Species 

a      b 

c 

D(od) 

r2 

SE    n 

Western  hemlock 
Douglas-fir 

27.95  -15.75 
29.61  -20.37 

16.20 
19.07 

25.5 
26.2 

0.22 
.38 

2.4   156 
2.3   183 

1/  D(od)=a+b(RH)+c(RH)^;  where: 

D(od)  =  predicted  ovendry  density  of  wood  (lb/ft  ); 

RH  =  relative  height  (height  to  sampling  point  divided 

by  total  height  of  tree  bole  above  a  1-foot  stump); 

D(od)  =  mean  ovendry  density  of  wood  samples  (lb/ft  ); 
2 
R  =  coefficient  of  determination; 

SE  =  standard  error  of  the  estimate;  and 

n  =  sample  size. 


Green  Sapwood  and 
Heartwood  Density 
Profiles 


Average  green  wood  density  values,  as  calculated  by  equation  (2),  for  samples 
taken  from  the  sapwood  and  heartwood  zones  of  the  disks  were  plotted  separately 
against  relative  height  for  each  species  (figs.  7  and  8).  The  density  of  green  sap- 
wood  was  generally  higher  than  that  of  green  heartwood.  The  profiles  of  sapwood 
were  poorly  correlated  and  showed  little  or  no  change  with  relative  height;  heart- 
wood,  on  the  other  hand,  formed  profiles  that  were  more  curvilinear.  Statistical 
data  for  each  function  are  presented  in  table  4. 
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Figure  7. — Green  sapwood  and  heartwood  density  profiles  of 
western  hemlock  based  on  disk  samples  where: 
dS  =   predicted  green  sapwood  density, 
dH  =   predicted  green  heartwood  density,  and 
RH  =   relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Figure  8.— Green  sapwood  and  heartwood  density  profiles  of 
Douglas-fir  based  on  disk  samples  where: 
dS  =   predicted  green  sapwood  density, 
dH  =   predicted  green  heartwood  density,  and 
RH  =   relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Xable  4— Green  wood  density  statistics  for  sapwood  and  heartwood  samples 


samples 

R( 

agression 

constant 

s 

Statistical  measures  1/ 

Species  and 

a 

b 

c 

d 

d(S),d(H) 

r2 

SE 

n 

Western  heidl 

ock: 

Sapwood 

64, 

,54 

-1, 

.93 

7, 

,53 

-8, 

,51 

64.1 

0.02 

2.9 

166 

Heartwood 

63, 

.59 

-213 

.50 

447, 

.53 

-264, 

.65 

42.9 

.67 

6.6 

166 

Douylas-f ir: 

Sapwood 

62, 

.56 

-68. 

.68 

159, 

,23 

-102, 

.69 

56.0 

.17 

6.5 

186 

Heartwood 

47, 

.24 

-76 

.25 

126, 

.16 

-58 

.67 

37.7 

.54 

4.1 

186 

y   d(S),d(H)=a+b(RH)+c(RH)^+d(RH)-^;  where: 

d(S)  =  predicted  green  density  of  sapwood  (lb/ft  ); 

A  3 

d(H)  =  predicted  green  density  of  heartwood  (lb/ft  ); 

RH  =  relative  height  (height  to  sampling  point  divided 

by  total  height  of  tree  bole  above  a  1-foot  stump); 
_  3 

d(S)  =  mean  green  density  of  sapwood  samples  (lb/ft  ); 

d(H)  =  mean  green  density  of  heartwood  samples  (lb/ft  ); 
2 
R  =  coefficient  of  determination; 

SE  =  standard  error  of  the  estimate;  and 

n  =  sample  size. 

Dry  Sapwood  and  Heart-     Figures  9  and  10  present  profiles  of  average  dry  density  values,  as  calculated  by 
wood  Density  Profiles  equation  (3),  for  samples  taken  from  the  sapwood  and  heartwood  zones  of  the 

study  disks  and  plotted  separately  by  species  against  relative  height.  Not  included 
are  the  disk  samples  that  were  overdried  (see  previous  discussion  on  dry  wood 
density  profiles)  and  one  disk  of  Douglas-fir  and  one  of  western  hemlock  that  were 
too  small  to  produce  separate  radial  samples  of  sapwood  and  heartwood.  Table  5 
presents  statistical  data  for  each  profile. 
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Figure  9. — Ovendry  sapwood  and  heartwood  density  profiles  of 
western  fiemlock  based  on  disk  samples  where: 
ds   =   predicted  ovendry  sapwood  density, 
dh   =   predicted  ovendry  heartwood  density,  and 
RH  =   relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Figure  10.— Ovendry  sapwood  and  heartwood  density  profiles  of 
Douglas-fir  based  on  disk  samples  where: 
ds    =   predicted  ovendry  sapwood  density, 
dh   =   predicted  ovendry  heartwood  density,  and 
RH  =   relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Table  5— Dry  wood  density  statistics  for  sapwood  and  lieartwood  samples 


Regression  constants        Statistical  measures  1/ 


Species  and  samples    a       b     c       d     d(s),d(h)  R^    SE   n 

Western  hemlock: 

Sapwood  28.04   -24.99   48.94  -29.82      25.2   0.23  2.4  155 

Heartwood         29.5    -44.36  103.36  -64.30      26.2    .30  2.8  155 

Douglas-fir: 

Sapwood  28.28   -32.65   50.27  -21.38      24.0    .43  2.4  182 

Heartwood         30.38   -27.48   40.27  -14.03      27.0    .30  2.7  182 

V  d(s),d(h)=a+b(RH)+c(RH)^+d(RH)^;  where: 

d(s)  =  predicted  ovendry  density  of  sapwood  (lb/ft  ); 

A  3 

d(h)  =  predicted  ovendry  density  of  heartwood  (lb/ft  ); 
RH  =  relative  height  (height  to  sampling  point  divided 

by  total  height  of  tree  bole  a  1-foot  stump); 

—  3 
d(s)  =  mean  ovendry  density  of  sapwood  heartwood  samples  (lb/ft  ); 

—  3 
d(h)  =  mean  ovendry  density  of  heartwood  samples  (lb/ft  ); 

2 
R  =  coefficient  of  determination; 

SE  =  standard  error  of  the  estimate;  and 

n  =  sample  size. 

Wood  Moisture  Profiles       The  moisture  profiles  in  the  boles  of  western  hemlock  and  Douglas-fir  are  shown 

in  figures  11  and  12,  respectively.  The  shaded  areas  bounded  by  the  green  and 
dry  wood  density  functions  (see  figs,  la,  2a,  5,  and  6)  represent  the  wood 
moisture  in  the  tree  stem.  The  actual  water  content  at  various  heights  in  the  stem 
is  presented  in  the  figures  as  a  dashed  curve  and  was  determined  by  subtracting 
values  of  dry  wood  density  from  corresponding  values  of  green  wood  density.  In 
both  species,  moisture  concentration  was  highest  at  the  base  of  the  tree  and  in 
the  upper  crown  portion  of  the  tree  stem. 
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Figure  11.— Wood  moisture  profile  in  western  hemlock  (stiaded 
area).  Actual  water  content  (dashed  line)  equals  green  wood 
density  value  minus  ovendry  wood  density  value. 
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Figure  12.— Wood  moisture  profile  in  Douglas-fir  (shaded  area). 
Actual  water  content  (dashed  line)  equals  green  wood  density 
value  minus  ovendry  wood  density  value. 
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Green  Wood  Density 
Profiles— Trees  With 
and  Witliout  Heartrot 


The  green  wood  density  profiles  for  trees  with  and  without  heartrot  are  separately 
presented  by  species  in  figures  13  and  14.  Table  6  presents  statisical  data  for  each 
function.  Plotted  density  values  were  from  trees  selected  during  the  1982  season. 
As  previously  noted,  trees  in  the  1981  sample  contained  little  defect  as  defective 
trees  were  purposely  avoided  during  selection. 

70  r 


56 


o 

o      42 
« 

Q. 
0) 

"D 
c 

3 
O 
Q. 

D       14 


28  - 


-  \ 

X 

\ 

^ 

^,^ 

• 

Heartrot       ,^  — -  "~ 

^-- 

No  heartrot 

D(g)= 

=60.13 

-101.72RH+252.51RH^ 

-176.31RH' 

D(g)= 

1 

=51.21 

-56.25RH+73.28RH^' 
1                         1 

1                         1 

0.2 


0.4 


0.6 


0.8 


1.0 


RH 


Figure  13.— Green  wood  density  profiles  of  western  hiemlock 
for  trees  witfi  and  without  heartrot. 
0(g)    =  predicted  green  wood  density,  and 
RH     =  relative  height  (height  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Figure  14. — Green  wood  density  profiles  of  Douglas-fir  for  trees 
with  and  without  heartrot. 

0(g)    =  predicted  green  wood  density,  and 
RH      =  relative  height  (ht-ght  to  sampling  point  divided  by  total 
height  of  tree  bole  above  a  1-foot  stump). 
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Table  6— Green  wood  density  statistics  for  trees  with  and  without  heartrot 


R( 

agression 

constants 

Statist 

ical  measures 

1/ 

Species  and 

defect  condition 

a 

b 

c       d 

D(g) 

r2 

SE 

n 

Western  hemlock: 

With  heartrot 

60.13 

-101.72 

252.51  -176.31 

51.4 

0.25 

6.0 

74 

Without  heartrot 

51.21 

-56.25 

73.28 

45.2 

.30 

5.2 

65 

Douylas-f ir: 

With  heartrot 

46.56 

-25.04 

30.87 

43.5 

.17 

3.6 

187 

Without  heartrot 

44.78 

-33.09 

41.08 

41.1 

.38 

2.5 

125 

y   D(g)=a+b(RH)+c(RH)^+d(RH)'^;  where: 

D(g)  =  predicted  green  density  of  wood  (lb/ft  ); 

RH  =  relative  height  (height  to  sampling  point  divided 

by  total  height  of  tree  bole  above  a  1-foot  stump); 

0(9)  =  mean  green  density  of  wood  (lb/ft  ); 
2 
R  =  coefficient  of  determination; 

SE  =  standard  error  of  the  estimate;  and 

n  =  sample  size. 


Discussion 

3reen  Wood  Density 
Profiles 


Two  methods  used  in  this  study  to  sample  green  wood  density  (disk  and  increment 
core)  produced  wood  density  profiles  that  are  similar  in  form  but  not  in  magnitude 
because  of  moisture  differences  in  the  trees  sampled.  Each  profile  shows  density 
values  decreasing  from  a  high  at  the  stump  to  a  low  in  the  lower  third  of  the  bole, 
and  then  gradually  increasing  again  in  the  upper  bole.  In  the  extreme  upper  por- 
tions of  the  bole  of  western  hemlock  (fig.  1),  the  density  profile  leveled  off  and  then 
decreased;  in  Douglas-fir  (fig.  2)  a  gradual  increase  was  evident.  The  high  value  of 
green  wood  density  at  the  stump  was  particularly  apparent  in  the  profile  of  western 
hemlock.  In  this  species  a  core  of  extremely  high  moisture  occurs  at  the  base  of 
the  trees,  producing  an  anomaly  in  the  heartwood  called  wetwood-^   (Ward  and 
Pong  1980).  This  condition  results  in  wood  with  exceptionally  high  green  densities. 


The  function  fitted  for  the  increment  core  data  of  western  hemlock  (fig.  3)  gave 
lower  values  and  that  of  Douglas-fir  (fig.  4)  higher  values  than  did  comparable 
curves  through  the  disk  data.  Because  only  the  disk  samples  were  ovendried, 
moisture  content  comparisons  between  the  1981  (disk)  and  1982  (core)  green  den- 
sity profiles  were  not  possible.  If  we  assume  that  the  dry  wood  density  profiles 
were  consistent  for  the  disk  and  core  data  (both  species),  then  the  observed  dif- 
ference in  the  green  wood  density  profiles  must  have  been  mainly  due  to  moisture 
difference  in  the  disk  and  core  samples.  These  results  suggest  that  the  1981  sam- 
ple trees  of  western  hemlock  were  wetter  and  those  of  Douglas-fir  were  drier  than 
the  trees  selected  in  1982.  Average  green  wood  density  for  western  hemlock  based 
on  disk  samples  was  54.9  Ib/ft^;  based  on  cores,  it  was  48.2  Ib/ft^.  Comparable 
values  for  Douglas-fir  were  disks— 42.4  Ib/ft^,  and  cores— 43.1  Ib/ft^  (table  2). 


^'Wetwood  is  a  type  of  heartwood  in  standing  trees  that  has 
been  internally  infused  with  water  and  differs  from  normal  wood 
in  physical  and  chemical  properties. 
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Polynomial  functions  developed  from  the  disk  data  had  higher  coefficients  of  deter- 
mination (R2)  than  those  developed  from  the  core  data  (table  2).  With  disk  samples 
it  was  possible  to  examine  the  variation  in  green  wood  density  in  a  tree  along  the 
radial,  longitudinal,  and  circumferential  planes.  With  the  increment  core  approach, 
variation  around  the  circumference  of  the  tree  could  not  be  examined  because  only 
a  single  core  was  extracted  at  any  given  height. 

For  western  hemlock,  the  variability  or  deviation  of  the  data  around  the  fitted 
regression,  as  measured  by  the  standard  error  of  estimate  (SE),  was  slightly 
greater  for  the  core  data  (5.8  Ib/ft^  than  for  the  disk  data  (4.9  Ib/ft3)  (table  2).  For 
Douglas-fir,  the  disk  data  had  a  slightly  greater  SE  (4.9  Ib/ft^)  than  did  the  core 
data  (3.8  Ib/ft^).  For  both  western  hemlock  and  Douglas-fir,  the  accuracy  with  which 
a  fitted  function  predicted  green  wood  density  was  generally  comparable  whether 
determined  by  disk  or  core  samples.  There  appeared,  however,  to  be  a  slightly 
greater  degree  of  unexplained  variability  with  the  core  approach  when  sampling  a 
tree  species  in  which  the  sapwood-heartwood  zones  are  not  readily  discernible 
(western  hemlock)  than  in  a  species  where  these  zones  are  quite  distinct  (Douglas- 
fir).  Because  the  wood-moisture  differential  in  a  tree  is  closely  related  to  the  sap- 
wood  and  heartwood  zones  (discussed  later),  accurate  proportioning  of  the  incre- 
ment core  relative  to  the  amount  of  sapwood  and  heartwood  becomes  a  critical 
factor  in  minimizing  variability.  Even  though  accuracy  in  differentiating  the  sapwood 
and  heartwood  zones  is  also  important  in  the  disk  approach  to  density  determina- 
tion, the  impact  is  much  more  critical  in  the  core  approach  because  of  the  size  of 
the  sample  involved  (Waddell  and  others  1984). 

Functions  derived  from  the  increment  core  data  (figs,  lb  and  2b)  do  not  fully  repre- 
sent the  density  profile  for  the  base  portion  of  the  core  sample  trees  as  density 
samples  were  not  taken  from  the  stump  height  position  of  these  trees.  Results  from 
the  disk  sample  trees  (figs.  1a  and  2a)  suggest  that  the  curves  for  the  increment 
core  data  would  have  been  steeper  and  higher  at  the  base  (Y-intercept)  if  stump 
height  densities  had  been  included.  The  core  and  disk  functions  for  Douglas-fir 
(fig.  4)  probably  would  not  have  crossed  but  would  have  formed  parallel  profiles, 
each  having  a  similar  trend  but  at  different  levels. 

Dry  Wood  Density  Dry  wood  density  for  western  hemlock  (fig.  5)  and  Douglas-fir  (fig.  6)  varied  within 

Profiles  a  very  narrow  band  of  values  but  remained  fairly  constant  with  height.  Density 

values  were  highest  at  the  stump,  decreased  slightly  through  midbole,  and  then  in- 
creased slightly  again  in  the  upper  bole.  In  both  species,  the  magnitude  of  change 
in  density  with  relative  height  was  considerably  less  than  that  recorded  for  the 
samples  in  the  green  condition  (figs,  la  and  2a).  Similar  patterns  of  change  in  dry 
wood  density  with  height  have  been  recorded  for  a  number  of  other  coniferous 
species  (Okkonen  and  others  1972,  Wilcox  and  Pong  1971).  M 

Average  dry  wood  density  (table  3)  was  25.5  Ib/ft^  for  western  hemlock  and  26.2 
Ib/ft3  for  Douglas-fir.  The  variability  around  the  regression  function  was  approx- 
imately the  same  for  both  species  (SE  =  2.4  for  western  hemlock  and  SE  =  2.3 
for  Douglas-fir).  These  standard  errors  were  approximately  half  of  those  recorded 
for  the  green  disk  data  (table  2). 
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The  quadratic  functions  (figs.  5  and  6)  of  the  dry  wood  density  of  Douglas-fir  had  a 
higher  coefficient  of  determination  with  relative  height  (R2  =  0.38)  than  did  western 
hemlock  (R2  =  0.22).  For  both  species,  however,  the  correlation  of  dry  density  with 
height  was  not  as  high  as  that  recorded  for  green  density  (table  2).  These  results 
suggest  that  the  physical-mechanical  properties  of  the  tree  as  expressed  by  dry 
wood  density  are  less  related  to  tree  height  than  are  the  physiological  properties. 
Except  for  the  high  values  recorded  for  the  base  of  the  tree,  where  physical- 
mechanical  requirements  are  probably  the  greatest,  dry  density  exhibited  very  little 
change  with  relative  height  (figs.  5  and  6).  Green  wood  density,  on  the  other  hand, 
changed  dramatically  with  height  (figs.  3  and  4).  The  changes  reflect  the  distribu- 
tion of  wood  moisture  in  the  tree  rather  than  the  wood  density. 

Sreen  Sapwood  Density      In  both  species  green  sapwood  was  considerably  heavier  than  the  adjacent  green 
'rofiles  heartwood  at  all  heights  (figs.  7  and  8)  and  averaged  over  21  pounds  per  cubic 

foot  more  in  western  hemlock  and  18  pounds  per  cubic  foot  more  in  Douglas-fir 
(table  4).  Moisture  content  of  the  wood  in  the  two  radial  zones  accounted  for  most 
of  the  weight  difference.  Only  at  the  stump  level  of  western  hemlock,  where  wet- 
wood  occurred,  was  the  green  density  of  heartwood  nearly  the  same  as  that  of 
green  sapwood  (fig.  7). 

Density  values  varied  with  height  in  a  band  considerably  wider  for  Douglas-fir 
(SE=6.5)  than  for  western  hemlock  (SE=2.9)  (table  4).  Much  of  this  variation  in  the 
sapwood  profile  of  Douglas-fir  was  related  to  the  inherent  narrow  band  of  sapwood 
typically  found  in  old-growth  trees.  Consequently,  samples  extracted  from  the  sap- 
wood  zone  seldom  were  composed  of  pure  sapwood  material  but  frequently  con- 
tained wood  from  the  heartwood  and  heartwood-sapwood  transition  zones. 
Because  the  material  in  these  zones  is  extremely  variable  in  moisture  content 
(Stewart  1967),  their  inclusion  in  the  sapwood  samples  had  a  direct  impact  on  the 
amount  of  variation  recorded  in  the  sapwood  profile.  Inclusion  also  caused  the  sap- 
wood  profile  to  take  on  a  form  similar  to  that  of  the  heartwood  profile  (fig.  8). 

Western  hemlock  trees  typically  contain  wide  bands  of  sapwood.  This  minimized 
the  potential  of  producing  sapwood  samples  with  inclusions  of  heartwood  or  wood 
of  the  heartwood-sapwood  transition  zone.  The  sapwood  profile  of  western  hemlock 
(fig.  7)  was  a  narrow  band  of  values  remaining  fairly  constant  with  relative  height. 
When  compared  to  the  sapwood  profile  of  Douglas-fir  (fig.  8),  recorded  differences 
in  variation,  previously  mentioned,  became  apparent.  For  western  hemlock,  the  ex- 
tremely poor  correlation  of  green  sapwood  density  to  relative  height  (R2=  0.02, 
table  4)  strongly  indicate  that  a  mean  value  of  sapwood  density  would  be  ap- 
propriate when  determining  log  weights  for  this  species. 
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Green  Heartwood 
Density  Profiles 


The  green  density  profiles  of  heartwood  for  western  hemlock  (fig.  7)  and  Douglas- 
fir  (fig.  8)  resembled  closely  their  respective  profiles  of  green  wood  density  (figs,  la 
and  2a).  The  trends  began  with  the  highest  densities  at  the  stump,  decreased  to  a 
low  in  the  lower  third  of  the  bole,  and  then  increased  in  the  upper  bole.  Predictive 
functions  developed  for  green  density  of  heartwood  had  considerably  higher  coeffi- 
cients of  determinaton  (table  4)  than  those  developed  for  the  corresponding 
sapwood. 


In  western  hemlock,  green  heartwood  at  the  stump  was  almost  as  dense  as  green 
sapwood.  This  is  because  many  of  the  sample  trees  for  this  species  contained  a 
base  core  of  wetwood.  This  material  had  moisture  contents  as  high  as  or  higher 
than  that  of  sapwood. 

When  wetwood  occurred  in  combination  with  the  larger  sample  trees  of  western 
hemlock,  there  was  greater  potential  of  producing  extremely  heavy  butt  logs.  The 
occurrence  of  wetwood  was  not  restricted  to  the  center  core  of  lower  logs  from 
western  hemlock.  Scattered  pockets  of  wetwood  also  occurred  in  the  middle  and 
upper  bole.  Some  of  the  variation  in  green  density  recorded  in  these  regions  (fig. 
7)  may  be  related  directly  to  the  occurrence  of  these  pockets  of  wetwood.  The  in- 
clusion of  some  sapwood  material  in  the  samples  designated  as  heartwood  may 
also  have  contributed  to  the  observed  variation;  this  was  especially  true  in  the  ex- 
treme upper  crown  where  small-diameter  logs  limited  the  extraction  of  discrete 
samples  of  sapwood  and  heartwood 


The  heartwood  of  Douglas-fir  produced  a  green  density  profile  (fig.  8)  similar  in 
form  to  that  of  western  hemlock;  that  is,  highest  density  values  occurred  at  the 
stump,  then  decreased  with  increasing  height  to  about  midbole,  and  then  increasei 
again  in  the  upperbole.  Unlike  western  hemlock,  heartwood  of  Douglas-fir  was 
never  as  dense  as  its  corresponding  sapwood  at  any  point  along  the  bole.  The  in 
frequent  occurrence  of  wetwood  in  Douglas-fir  (Ward  and  Pong  1980)  precludes 
green  heartwood  of  Douglas-fir  from  attaining  the  density  of  green  sapwood. 


Dry  Sapwood  and  Heart- 
wood  Density  Profiles 


The  removal  of  moisture  from  the  sapwood  and  heartwood  produced  nearly  iden- 
tical dry  density  profiles  for  these  two  radial  zones  within  a  given  species  (figs.  9 
and  10).  Water  removal  attenuated  the  fluctuating  changes  in  the  density  profiles 
of  green  wood  (figs.  7  and  8)  and,  except  for  slightly  higher  values  at  the  stump 
and  upper  bole,  the  profiles  of  dry  sapwood  and  heartwood  remained  fairly  con- 
stant with  relative  height. 


The  predictive  functions  of  dry  density  for  sapwood  and  heartwood  of  western 
hemlock  were  at  approximately  the  same  level;  those  developed  for  Douglas-fir 
showed  the  density  profile  of  dry  sapwood  to  be  consistently  lower  than  that  of 
heartwood.  The  lower  densities  were  due  to  the  overmature  and  senescent  condi- 
tion of  the  Douglas-fir  trees  included  in  the  sample.  Wood  of  extreme  age  (that  is, 
age  of  the  wood  relative  to  the  pith)  is  characteristically  lower  in  density  (Kellogg 
1979,  Panshin  and  DeZeeuw  1970).  Ring  counts  at  the  stump  gave  the  average 
age  of  the  Douglas-fir  trees  in  the  sample  as  431  years;  ring  counts  of  western 
hemlock  averaged  259  years.  Average  dry  density  of  sapwood  from  Douglas-fir 
was  3  Ib/ft3  less  than  the  heartwood  (table  5)  and  1.2  and  2.2  1b/ft3  less  than  the 
dry  density  of  sapwood  and  heartwood,  respectively,  of  western  hemlock. 
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Wood  Moisture  Profiles 


Wood  moisture  profiles  of  western  hemlock  (fig.  11)  and  Douglas-fir  trees  (fig.  12) 
had  patterns  that  closely  resembled  their  respective  density  profiles  of  green  wood 
(figs.  1  and  2).  Highest  concentration  of  moisture  occurred  at  the  base  of  the  tree, 
decreased  with  height  to  a  low  in  the  middle  third  of  the  stem,  and  then  increased 
again  in  the  upper  stem.  Western  hemlock  as  a  species  was  considerably  wetter 
than  Douglas-fir  at  all  heights  and  in  both  the  sapwood  and  the  heartwood. 
Moisture  tended  to  concentrate  in  equal  amounts  in  both  the  sapwood  and  heart- 
wood  at  the  base  of  western  hemlock.  This  produced  butt  logs  that  are  exceptional- 
ly heavier  than  logs  of  equivalent  size  in  Douglas-fir.  Above  the  butt,  and  in  both 
species,  there  was  considerably  less  moisture  in  the  heartwood  than  in  the 
sapwood. 


Our  data  strongly  suggested  that  the  fluctuations  in  profiles  of  green  wood  density 
(figs.  1  and  2)  were  due  mainly  to  fluctuations  in  the  water  content  along  the  length 
of  the  tree  bole  and  that  the  impact  of  moisture  on  the  green  density  profiles  was 
much  more  evident  in  heartwood  than  in  sapwood  (figs.  7  and  8).  Fluctuations 
such  as  those  recorded  in  the  sapwood  profiles  of  Douglas-fir  (fig.  8)  were  due 
mainly  to  the  inclusion  of  heartwood  material  in  the  sapwood  samples  and  were 
not  due  to  moisture  changes  in  the  sapwood  per  se.  Results  suggested  that  the 
moisture  profile  in  green  sapwood  remains  fairly  constant  with  height. 

The  weight  of  water  in  the  boles  of  western  hemlock  equaled  or  exceeded  the  dry 
weight  of  wood  substance  (dry  density)  at  nearly  all  heights  (fig.  11).  Only  a  short 
portion  of  the  lower  boles  above  the  stump  and  the  terminal  end  of  the  stem  con- 
tained less  water  than  dry  wood  material.  In  Douglas-fir  the  water  content  of  the 
boles  never  equaled  or  exceeded  the  dry  density  of  the  wood  at  any  height, 
(fig.  12). 


Green  Wood  Density 
Profiles— Trees  With  and 
Without  Heartrot 


Heartrot  in  western  hemlock  and  Douglas-fir  produced  green  density  profiles  that 
were  similar  to,  but  heavier,  than  those  recorded  in  trees  without  heartrot  (figs.  13 
and  14).  The  profile  shift  was  more  evident  in  trees  with  large  amounts  of  incipient 
decay.  The  impact  of  decay  on  the  green  density  profile  were  more  noticeable  in 
western  hemlock  than  in  Douglas-fir.  Our  data  suggested  that  decay  may  affect  the 
sapwood-heartwood  boundary  and  allow  moisture  to  move  radially  from  the  sap- 
wood  into  the  heartwood.  Moisture  produced  by  the  causal  agent  in  the  heartwood 
tends  to  accumulate  in  that  location  (Shigo  and  others  1977)  and  results  in  higher 
green  densities.  Density  values  for  trees  with  heartrot  averaged  over  6  Ib/ft^ 
greater  than  for  trees  without  heartrot  in  western  hemlock  and  nearly  2.5  Ib/ft^ 
greater  in  Douglas-fir  (table  6).  That  higher  green  densities  occurred  in  trees  with 
heartrot  was  substantiated  when  logs  from  these  trees  were  weighed  in  the  field. 
Generally,  heavier  weights  per  unit  of  volume  were  recorded  for  defective  logs  than 
for  sound  logs. 


Applications  of 
Results 


In  the  past  the  estimates  of  green  log  weight  have  been  determined  using  a  single 
average  green  density  for  a  species  or  a  form  of  running  averages  (Mann  and 
Lysons  1972,  Wensel  1974).  Table  7  shows  the  limitations  associated  with  using  a 
single  green  density  value  on  logs  originating  from  different  heights  within  a  tree. 
Two  trees  were  selected  to  validate  estimates  of  log  weights.  Neither  tree  was  part 
of  the  sample  used  to  develop  the  prediction  function.  Diameter  measurements 
were  made  on  the  cut  surfaces  of  the  bucked  logs  from  both  validation  trees 
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Table  7— Log  weight  estimates  for  western  hemlock  using  a  single  green  wooc 
density  value  versus  green  wood  density  values  from  a  prediction  function^ 


Log  volume  2/       Single  density  3/ 

Estimated    Average    Estimated    Actual 


Log     Log  log     functional     log       log 

position  length    Total   Wood   Bark       Wood   Bark      weight  4/   density  5^/   weight  5/   weight  7/ 

Pounds  per  Pounds  per 

-  -  Cubic  feet  -  -       cubic  foot       Pounds    cubic  foot    -  -  -  Pounds  -  -  - 

TREE  NO.  1  (d.b.h.  8/  44  in;  height  175  ft) 


Butt 

17.5 

151.6 

119.0 

32.6 

52 

44 

7,623 

54.2 

7,885 

3,056 

Second 

17.5 

123.8 

99.3 

24.5 

52 

44 

6,242 

46.8 

5,725 

5,784 

Third 

17.5 

113.3 

91.7 

21.9 

52 

44 

5,732 

43.8 

4,980 

4,160 

Fourth 

17.6 

102.4 

81.6 

20.7 

52 

44 

5,154 

43.9 

4,493 

3,654 

Fifth 

17.5 

84.0 

65.6 

17.4 

52 

44 

4,228 

45.8 

3.815 

3,366 

Sixth 

20.5 

83.1 

68.5 

14.6 

52 

44 

4,205 

48.4 

3,958 

3.434 

TREE  NO  2  (d.b.h.  8/  39  in;  height  180  ft) 


Butt 

17.8 

119.7 

87.5 

32.2 

52 

44 

5,966 

54.2 

6,160 

5,130 

Second 

17.5 

93.4 

68.4 

25.0 

52 

44 

4,657 

46.9 

4,308 

3,790 

Third 

17.5 

77.1 

59.2 

17.9 

52 

44 

3,866 

43.8 

3,380 

2,980 

Fouth 

17.5 

64.6 

51.6 

13.0 

52 

44 

3,255 

43.8 

2,832 

2,510 

Fifth 

17.6 

58.2 

47.0 

11.2 

52 

44 

2,937 

45.5 

2,631 

2,120 

Sixth 

14.4 

38.3 

30.9 

07.4 

52 

44 

1,932 

47.7 

1,799 

1,640 

Seventh 

20.5 

36.7 

29.1 

07.6 

52 

44 

1,848 

49.5 

1,775 

1,550 

V  Prediction  function  used  was:  D(g)  =  59.11-127.91 (RH)+3I3.56(RH)^  -212.32(RH)^;  where: 

D(g)  =  predicted  green  density  of  wood  (lb/ft  );  and 

RH  =  relative  height  (height  to  sampling  point  divided  by  total  heiglit  of  tree  bole  above  a  1-foot  stump). 

2/  Volumes  calculated  using  the  Smalian  formula. 

3/  Averaged  from  field  samples. 

4/  Estimated  weights  are  the  products  of  log  volume  and  single  green  density  values  of  wood  and  bark. 

S/   Average  functional  density  was  the  mean  of  the  density  values  determined  for  the  relative  height  position  of 
the  log  ends. 

6/  Estimated  log  weights  were  the  sum  of  the  products  of  the  wood  volume  of  the  log  and  average  functional 
density  plus  bark  volume  and  single  density. 

7/   i-leasured  with  a  load  cell. 

8/  Diameter  of  tree  bole  at  4-1/2  feet  above  ground  as  measured  on  the  uphill  side  of  the  tree. 

(western  hemlock),  and  volumes  were  determined  using  the  Smalian  formula. 
Single  density  values  of  52  and  44  Ib/ft^,-^   respectively,  were  applied  to  the  wood 
and  bark  volumes  to  obtain  an  estimated  green  weight.  In  addition,  a  series  of  in- 
cremental (average)  green  wood  densities  were  determined  using  the  western 
hemlock  increment  core  function  (table  2,  fig.  1b)  and  were  applied  to  each  log. 
The  actual  weights  of  the  logs  were  determined  using  a  load  cell  attached  to  a 
front-end  loader  (Waddell  and  others  1984). 


^These  density  values  are  averages  as  determined  from  disl< 
measurements  of  wood  and  bark  densities. 
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The  green  density  fluctuation  with  height  in  a  tree  was  substantial  enough  to  cause 
additional  weight  error  or  bias  in  various  portions  of  the  tree.  The  use  of  a  density 
function  multiplied  by  the  gross  volume  of  a  log  was  superior  to  a  single  green 
density  value  for  most  logs.  The  use  of  a  single  average  green  density  value  (ver- 
sus predicted  values  from  a  function)  is  more  appropriate  for  tree  species  such  as 
Douglas-fir  where  the  change  in  the  green  density  profile  with  height  is  less  pro- 
nounced. Even  for  Douglas-fir,  improvements  in  log  weight  estimates  can  be  made 
with  the  use  of  predicted  green  density  values;  this  would  be  especially  true  in 
estimating  butt  log  weights. 

The  variation  in  green  density  between  trees  within  a  given  site  limits  the  accurate 
estimation  of  log  weights  using  either  a  function  or  a  single-value  approach.  This  is 
illustrated  in  figure  15  where  the  90  percent  confidence  bands  have  been  added  to 
the  western  hemlock  density  function.  Log  weights  for  the  two  validation  trees  were 
calculated  using  the  green  density  values  from  the  lower  and  upper  confidence 
bands.  These  weights  are  presented  in  table  8.  The  wide  interval  of  estimated 
weights  for  a  particular  log  illustrates  the  moisture  content-green  density  problem 
associated  with  weight  estimation  procedures  in  old-growth  timber. 
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Figure  15— Green  wood  density  profile  of  western  hemlock 
with  90  percent  confidence  bands. 
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Table  8— Predicted  green  wood  density  values  and  weight  estimates  for  two 
western  hemlock  trees,  as  derived  from  calculated  (0.90)  confidence  bands  of 
the  green  wood  density  function^ 


Green  density 

Log  weight 

Actual 

Log 
position 

Low  Function  Hiyh 

Low   Function  High 

log  weight  2/ 

Pounds  per  cubic  feet 

_________  Pounds 

TREE  NO.    1    (d.b.h.   3/  44   in;   height   175  ft) 


Butt 

44.6 

54.2 

63.7 

6,741 

7,885 

9,014 

8,056 

Second 

37.3 

46.8 

56.4 

4,777 

5,725 

6,675 

5,784 

Third 

34.2 

43.8 

53.4 

4,099 

4,980 

5,860 

4,160 

Fourth 

34.3 

43.9 

53.4 

3,709 

4,493 

5,268 

3,654 

Fifth 

36.2 

45.8 

55.3 

3,176 

3,815 

4,442 

3,366 

Sixth 

38.8 

48.4 

57.9 

3,301 

3,958 

4,609 

3,434 

TREE  NO  2 

.  (d.b.h. 

3/  39  in 

;  height 

180  ft) 

Butt 

44.3 

54.2 

63.4 

5,295 

6,160 

6,964 

5,130 

Second 

37.4 

46.9 

56.5 

3,655 

4,308 

4,796 

3,790 

Third 

34.3 

43.9 

53.4 

2,818 

3,380 

3,911 

2,980 

Fourth 

34.2 

43.8 

53.3 

2,338 

2,832 

3,353 

2,610 

Fifth 

36.0 

45.5 

55.1 

2,238 

2,631 

3,136 

2,120 

Sixth 

38.2 

47.7 

57.3 

1,535 

1,799 

2,126 

1,640 

Seventh 

40.0 

49.5 

59.1 

1,522 

1,775 

2,079 

1,550 

1/  Pred 

iction 

function  used 

A 

was:  D(g) 

=59.11 

-  127.91(RH)  +  313.56 

(RH)^ 

-212.32(RH)^; 

where: 

D(g)  = 

predic 

ted  green  densi 

ty  of  wood  (lb/ft 

^);  and 

RH  =  relative  height   (height  to  sampling  point  divided  by  total  height  of  tree 
bole  above  a  1-foot  stump). 

y  Measured  with  a  load  cell. 

3/  Diameter  of  tree  bole  at  4-1/2  ft  above  ground  as  measured  on  the  uphill 
side  of  the  tree. 
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The  combination  of  green  density  prediction  and  volume  variation  will  undoubtedly 
produce  considerable  within-site  variation  for  individual  log  weight  estimates.  For 
the  user  of  either  single  or  functional  density  values  this  variation  results  in  uncer- 
tainty regarding  estimates  of  load  weights  for  aerial  logging.  For  example,  if  we 
assume  little  or  no  error  in  estimating  volume,  the  variation  within  a  site  for  green 
density  produces  a  possible  range  of  weights  (tree  no.  1,  table  8)  from  6,741  to 
9,014  lb  in  a  typical  large  butt  log.  This  band  of  uncertainty  spans  nearly  2,300  lb 
(90  percent  confidence  interval). 

Further  research  is  needed  on  the  variability  of  the  moisture  regimes  in  trees 
located  on  specific,  well-defined  sites.  For  example,  if  a  given  species  exhibits 
similar  profile  characteristics  for  different  sites  (similar  functional  forms)  but  merely 
shifts  along  the  Y-intercept  in  response  to  changes  in  moisture,  a  methodology  for 
indexing  the  green  density  profile  from  a  single  measurement  (for  example,  incre- 
ment core  at  d.b.h.)  could  increase  accuracy  and  reduce  bias  within  and  among 
sites. 

Conclusions  Our  results  are  based  on  a  case  study  of  a  limited  sample  of  trees  selected  from  a 

given  area  and  may  not  necessarily  be  applicable  to  or  indicative  of  old-growth 
western  hemlock  and  Douglas-fir  in  other  locations.  The  data  do,  however,  provide 
a  base  on  which  certain  inferences  can  be  drawn  concerning  the  wood  density- 
moisture  profiles  in  trees  of  these  two  species: 

1.  Both  western  hemlock  and  Douglas-fir  exhibited  similar  green  density  profiles. 
Each  profile  showed  density  values  decreasing  from  a  high  at  the  stump  to  a  low 
in  the  lower  third  of  the  bole  and  increasing  again  in  the  upper  bole.  Because 
moisture  levels  are  considerably  higher  in  western  hemlock,  the  green  density  pro- 
file for  this  species  was  consistently  heavier  at  all  heights  than  the  profile  for 
Douglas-fir  Use  of  disks  and  increment  cores  produced  profiles  that  were  similar  in 
form  but  not  in  magnitude  because  of  differences  in  moisture  level  in  the  trees 
sampled.  Fitted  functions  for  both  the  core  and  the  disk  approach  for  predicting 
green  density  for  western  hemlock  and  Douglas-fir  were  comparable  in  accuracy; 
the  disk  approach,  however,  produced  functions  with  higher  correlations. 

2.  Except  for  slightly  higher  values  at  the  stump  and  upper  bole,  dry  wood  den- 
sities for  both  western  hemlock  and  Douglas-fir  remained  fairly  constant  with  height 
and  varied  in  a  very  narrow  band  of  values.  The  magnitude  of  change  in  dry  den- 
sity with  relative  height  was  considerably  less  than  that  recorded  for  the  green  con- 
dition. For  both  species  the  correlations  of  dry  density  with  relative  height  were  not 
as  high  as  those  recorded  for  green  wood  density. 

3.  Green  sapwood  was  considerably  heavier  than  green  heartwood  in  both  species 
and  at  all  heights.  Moisture  content  of  the  wood  material  in  the  two  radial  zones 
was  the  major  factor  in  this  difference.  There  was  a  greater  difference  in  the  green 
densities  of  sapwood  and  heartwood  in  western  hemlock  than  there  was  in 
Douglas-fir  The  green  density  profile  of  sapwood  in  both  western  hemlock  and 
Douglas-fir  was  essentially  the  same;  that  is,  a  profile  of  density  values  showing 
little  change  with  height  but  varying  in  a  band  considerably  wider  for  Douglas-fir 
than  for  western  hemlock.  Predictive  functions  of  green  sapwood  density  with 
relative  height  registered  low  coefficients  of  determination. 
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4.  Green  density  profiles  of  heartwood  in  western  hemlock  and  Douglas-fir  resem- 
bled closely  their  respective  profiles  of  green  wood  density;  that  is,  highest  den- 
sities at  the  stump,  decreasing  to  a  low  in  the  lower  third  of  the  bole,  and  then  in- 
creasing again  in  the  upper  bole.  A  base  core  of  water-infused  wood  occurred  in 
many  western  hemlock  trees  and  resulted  in  green  heartwood  nearly  as  dense  as 
green  sapwood  at  the  stump.  Except  for  this  anomaly,  green  heartwood  in  both 
western  hemlock  and  Douglas-fir  formed  profiles  of  lower  green  density  values  than 
did  sapwood  at  any  point  along  the  bole.  Predictive  functions  developed  for  green 
density  of  heartwood  registered  considerably  higher  coefficients  of  determination 
than  did  those  developed  for  the  corresponding  sapwood. 

5.  The  removal  of  moisture  from  the  sapwood  and  heartwood  attentuated  the  fluc- 
tuating changes  in  the  green  density  profiles  of  these  two  radial  sections.  Dry  den- 
sity profiles  of  sapwood  and  heartwood  were  nearly  identical  to  one  another  for  a 
given  species  and  each  resembled  closely  the  profile  of  dry  wood  density  of  that 
species.  Predictive  functions  developed  for  sapwood  and  heartwood  of  western 
hemlock  were  approximately  of  the  same  magnitude.  Those  developed  for  Douglas- 
fir  showed  the  sapwood  profile  to  be  consistently  lov^/er  than  that  of  heartwood. 
This  was  attributed  to  the  overmature  and  senescent  condition  of  the  Douglas-fir  in 
the  sample. 

6.  Wood  moisture  profiles  for  western  hemlock  and  Douglas-fir  had  patterns  that 
closely  resembled  their  respective  density  profiles  of  green  wood.  Fluctuations  in 
the  profiles  of  green  wood  density  were  due  mainly  to  fluctuations  in  the  spatial 
distribution  of  water  in  the  tree  bole.  The  impact  of  moisture  on  the  density  profile 
of  green  wood  was  more  evident  in  heartwood  than  in  sapwood.  Moisture  concen- 
trations were  highest  at  the  base  of  the  tree,  decreased  to  a  low  in  the  middle  third 
of  the  stem  length,  and  then  increased  again  in  the  upper  stem.  Western  hemlock 
as  a  species  is  considerably  wetter  than  Douglas-fir  at  all  heights  in  both  the  sap- 
wood  and  heartwood. 

7.  Heartrot  in  the  study  trees  resulted  in  green  density  profiles  that  were  similar  to 
but  heavier  than  those  recorded  in  trees  without  heartrot.  The  impact  of  decay  was 
more  noticeable  in  western  hemlock  than  in  Douglas-fir  Results  suggested  decay 
may  affect  the  sapwood-heartwood  boundary  and  allow  radial  moisture  movement 
from  the  sapwood  zone  into  the  heartwood.  Respiratory  moisture  accumulation 
from  the  decaying  agent  was  also  suggested. 

8.  The  fluctuation  of  green  density  with  tree  height  was  significant  enough  to  cause 
additional  error  or  bias  when  weights  of  logs  from  various  portions  of  the  tree  were 
estimated.  We  found  that  the  use  of  a  functional  estimate  of  green  density  to  deter- 
mine log  weights  was  superior  to  using  a  single  green  density  value. 
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Metric  Equivalents 


When  you  h 

.now: 

Multiply  by: 
2.540 

To  find: 

Inches 

Centimeters 

Feet 

0.305 

Meters 

Cubic  feet 

0.028 

Cubic  meters 

Pounds 

0.454 

Kilograms 

Pounds  per 

cubic 

foot 

16.019 

Kilograms  per  cubic  meter 
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Accurate  estimation  of  the  weight  of  each  load  of  logs  is  necessary  for  safe 
and  efficient  aerial  logging  operations.  The  prediction  of  green  density  (Ib/ft^) 
as  a  function  of  height  is  a  critical  element  in  the  accurate  estimation  of  tree 
bole  and  log  weights.  Two  sampling  methods,  disk  and  increment  core 
(Bergstrom  xylodensimeter),  were  used  to  measure  the  density-moisture  com- 
plex in  wood.  The  relationship  between  wood  density  and  height  was  best 
described  by  either  quadratic  or  cubic  polynomial  functions.  Prediction  func- 
tions for  green  and  dry  wood  density  are  presented  for  old-growth  western 
hemlock  and  Douglas-fir  Sapwood  and  heartwood  functions  were  analyzed 
separately  as  were  trees  with  and  without  heartrot. 

Keywords:  Wood  density,  moisture  content  (wood),  old-growth  stands, 
Douglas-fir,  western  hemlock. 


The  Forest  Service  of  the  U.S.  Department  of 
Agriculture  is  dedicated  to  the  principle  of  multiple 
use  management  of  the  Nation's  forest  resources 
for  sustained  yields  of  wood,  water,  forage,  wildlife, 
and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest 
owners,  and  management  of  the  National  Forests 
and  National  Grasslands,  it  strives  —  as  directed  by 
Congress  —  to  provide  increasingly  greater  service 
to  a  growing  Nation. 

The  U.S.  Department  of  Agriculture  is  an  Equal 
Opportunity  Employer.  Applicants  for  all  Department 
programs  will  be  given  equal  consideration  without 
regard  to  age,  race,  color,  sex,  religion,  or  national 
origin. 


Pacific  Northwest  Research  Station 
319  S.W.  Pine  St. 
P.O.  Box  3890 
Portland.  Oregon  97208 


I 


U.S.  Department  of  Agriculture  tostage 

Pacific  Northwest  Research  Station  pee5  f 

319  S.W.  Pine  Street  usda 

P.O.  Box  3890  PERMIT  N 
Portland,  Oregon  97208 


Official  Business 

Penalty  for  Private  Use,  $300 


do  NOT  detach  label 


United  States 
Department  of 
Agriculture 

Forest  Service 

Pacific  Nortfiwest 
Researcfi  Station 

^esearcfi  Paper 
=NW-348 
January  1986 


Germination,  Survival  and 

Early  Growth  of  Conifer  Seedlings 

in  Two  Habitat  Types 


Don  Minore 


Author  DON  MINORE  is  a  plant  ecologist,  Pacific  Northwest  Research  Station, 

Forestry  Sciences  Laboratory,  3200  Jefferson  Way,  Corvallis,  Oregon  97331. 


Abstract 


Minore,  Don.  Germination,  survival,  and  early  growth  of  conifer  seedlings  in  two 
habitat  types.  Res.  Pap.  PN\/\/-348.  Portland,  OR:  U.S.  Department  of  Agriculture, 
Forest  Service,  Pacific  Northwest  Research  Station;  1986.    25  p. 


Summary 


Conifer  seeds  were  sown  in  clearcut  Abies  amabilislAchlys  triphylla  and  Abies 
amabilis/Vaccinium  membranaceum/Xeroptiyllum  tenax  habitat  types  in  the 
McKenzie  River  basin  in  Oregon  to  determine  ratios  of  seeds  to  established  seed- 
lings. Protection  from  animal  predation  and  shade  from  stumps  were  beneficial, 
but  survival  and  growth  did  not  differ  significantly  between  habitat  types  or  among 
humus  treatments.  Germination  in  the  greenhouse  was  earlier  and  more  prolonged 
on  soils  from  the  Achlys  type. 

Keywords:  Seedling  growth,  habitat  types,  seedling  survival,  germination  (seed). 

Many  conifer  seeds  are  dispersed  from  mature  conifer  stands,  but  most  do  not 
survive  to  become  established  seedlings.  I  investigated  seed  and  seedling  mortali- 
ty in  two  field  tests  and  a  greenhouse  experiment. 

Douglas-fir,  western  hemlock,  Pacific  silver  fir,  and  noble  fir  seedlings  failed  to  sur- 
vive their  first  growing  season  when  seeds  were  sown  on  a  few  large,  consolidated 
seedbeds  in  clearcuts  in  the  McKenzie  River  basin  in  Oregon.  Severe  seed  preda- 
tion and  high  surface  soil  temperatures  occurred  on  these  exposed  seedbeds  in 
both  the  Abies  amabilislAchlys  triphylla  and  Abies  amabilislVaccinium  membrana- 
ceumlXerophyllum  tenax  habitat  types.  No  significant  differences  in  seedling  sur- 
vival between  habitat  types  were  measured,  but  summer  surface  soil  temperatures 
were  higher  on  clearcuts  in  the  Achlys  type. 

Douglas-fir  seeds  survived  much  better  when  sown  in  small,  scattered  seed  spots 
on  the  same  clearcuts.  Habitat  type  and  the  addition  of  mycorrhizal  inoculum 
(forest  humus)  did  not  significantly  affect  first-  and  second-year  survival  or  growth 
of  seedlings  in  this  second  field  test.  Seed  spots  shaded  by  stumps  had  better  sur- 
vival and  growth  than  seed  spots  located  on  open  microsites,  however;  and  the 
protection  from  animal  predation  afforded  by  staked-down  plastic  berry  baskets 
was  very  beneficial.  For  a  Douglas-fir  seed  lot  capable  of  100-percent  germination, 
about  75  seeds  would  be  required  to  establish  one  2-year-old  seedling  on  clearcut, 
unprotected  mineral  soil  seedbeds  in  the  Achlys  and  Xerophyllum  habitat  types 
where  those  seedbeds  are  shaded  by  stumps.  About  190  seeds  would  be  required 
where  the  seedbeds  occur  on  open,  unshaded  microsites. 

Results  of  the  greenhouse  experiment  suggest  that  an  unmeasured  factor  like  soil 
microbiology  may  significantly  influence  conifer  seed  germination  in  the  two  habitat 
types.  Soils  from  the  Achlys  and  Xerophyllum  types  were  found  to  be  similar  in 
color,  texture,  pH,  and  nutrient  content;  but  Douglas-fir,  western  hemlock,  Pacific 
silver  fir,  and  noble  fir  seeds  began  germinating  earlier  and  continued  to  germinate 
for  a  longer  period  in  an  unheated  greenhouse  when  sown  on  soils  from  the 
Achlys  clearcuts  than  when  sown  on  soils  from  the  Xerophyllum  clearcuts. 
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Introduction  Seed  germination  and  seedling  survival  in  the  field  are  as  important  to  natural 

forest  regeneration  as  are  the  production  and  dispersal  of  seeds.  Many  seeds  are 
produced  and  dispersed,  but  most  do  not  germinate  or  they  fail  to  survive  after 
germination.  This  severe  seed  and  seedling  mortality  multiplies  the  number  of 
seeds  required  to  obtain  natural  regeneration.  It  also  acts  as  a  selective  factor  in 
determining  the  genetics  of  future  stands. 

The  relation  of  dispersed  seed  populations  to  established  seedling  populations  is 
not  well  known  for  most  high  elevation  forests  in  the  Pacific  Northwest.  Production 
and  dispersal  of  conifer  seeds  in  the  Abies  amabilis  forest  zone  described  by 
Franklin  and  Dyrness  (1973)  have  been  well  studied  (Carkin  and  others  1978; 
Franklin  and  others  1974;  Franklin  and  Smith  1974a,  1974b),  but  little  work  has 
been  done  on  the  fate  of  those  seeds.  Sullivan  (1978)  compared  forest  regenera- 
tion on  clearcuts  in  several  habitat  types  within  the  Abies  amabilis  zone  and  con- 
cluded that  regeneration  differed  significantly  among  habitat  types,  but  he  did  not 
relate  his  observations  and  conclusions  to  the  seed  supply.  Neither  did  Halverson 
and  Emmingham  (1982),  who  were  unable  to  correlate  forest  regeneration  in  the 
Abies  amabilis  zone  with  habitat  types,  but  found  extremes  in  environment  to  be 
the  most  probable  cause  of  regeneration  failure.  Seidel  (1979a)  surveyed  mixed 
conifer  regeneration  on  many  clearcuts  along  the  east  side  of  the  Cascade  Range 
and  in  the  Blue  Mountains  of  Oregon.  He  measured  the  variation  among  plant 
community  types  and  geographic  locations,  but  did  not  relate  established 
regeneration  to  amounts  of  seed  or  early  seedling  mortality  and  did  not  derive  any 
ratios  for  seeds  to  established  seedlings.  Seidel  (1979b)  also  studied  regeneration 
after  shelterwood  cutting  in  a  grand  fir  {Abies  grandis  (Dougl.  ex  D.  Don)  Lindl.)- 
Shasta  red  fir  {Abies  magnified  var.  shastensis  Lemm.)  stand  in  central  Oregon. 
The  number  of  sound  seeds  collected  in  his  seed  traps  can  be  compared  to  the 
number  of  seedlings  that  became  established  during  the  5-year  measurement 
period  to  derive  seed-to-seedling  ratios  for  four  slash  treatments  under  three 
overstory  densities.  Those  ratios  varied  from  about  25:1  on  bulldozed  seedbeds 
under  an  overstory  with  basal  area  of  20.7  square  meters  per  hectare  to  about 
105:1  on  undisturbed  seedbeds  under  the  same  overstory. 

Frenzen  and  Franklin  (in  press)  sowed  seeds  of  noble  fir  {Abies  procera  Rehd.), 
Pacific  silver  fir  {Abies  amabilis  Dougl.  ex  Forbes),  Douglas-fir  {Pseudotsuga  men- 
ziesii  (Mirb.)  Franco),  western  hemlock  {Tsuga  heterophylla  (Raf.)  Sarg.),  lodgepole 
pine  {Pinus  contorta  Dougl.  ex  Loud),  and  western  white  pine  {Pinus  monticola 
Dougl.  ex  D.  Don)  on  freshly  deposited  Mount  St.  Helens  tephra.  They  covered  the 
seeds  with  wire  screen  cones,  but  lost  90  percent  through  a  combination  of  sur- 
face erosion  and  rodent  predation.  Failure  by  seeds  to  penetrate  the  tephra  sur- 
face crust  as  well  as  high  surface  temperatures  killed  many  of  the  remaining 
seeds.  After  2  years,  seed-to-established  seedling  ratios  on  these  screened  tephra 
seedbeds  ranged  from  11:1  (Douglas-fir)  to  333:1  (western  hemlock). 

Information  on  seed  and  seedling  populations  at  lower  elevations  in  the  Pacific 
Northwest  is  scarce.  Gashwiler  (1967,  1970)  studied  the  survival  in  clearcuts  of 
Douglas-fir,  western  hemlock,  and  western  redcedar  {Thuja  plicata  Donn  ex  D. 
Don)  seeds  from  dispersal  through  the  end  of  germination.  Gashwiler  did  not 
record  postgermination  mortality,  and  he  did  not  measure  variation  among  clearcut 
locations  or  habitat  types.  Radio  tagging  with  Scandium^^  was  used  by  Lawrence 
and  Rediske  (1962)  and  Biack  (1969)  to  determine  the  fate  of  Douglas-fir  seeds 


during  the  first  year  after  sowing.  The  scandium  treatment  interfered  with  germina- 
tion, however,  and  habitat  types  were  not  considered  in  these  radio-tagging 
studies. 

The  most  comprehensive  evaluation  of  seed  fate  in  the  Pacific  Northwest  was 
done  by  Zobel  (1980).  He  sowed  Port-Orford-cedar  {Chamaecyparis  lawsoniana  (A. 
Murr.)  Pari.)  seeds  on  four  seedbed  types  in  each  of  four  southwestern  Oregon 
plant  communities.  Zobel  used  local  seed  sources,  set  out  known  amounts  of  seed 
during  the  autumn  seedfall  season,  and  tallied  germination,  seedling  survival,  and 
seedling  heights  for  3  years.  His  results  are  applicable  to  low-light  (1  percent  to 
8  percent  full  sun),  understory  conditions. 

Information  on  seed  fate  and  seedling  survival  is  available  for  several  seeding  ex- 
periments in  the  Rocky  Mountain  region.  Burned,  clearcut  conditions  were  used  by 
Loewenstein  and  Pitkin  (1966)  in  studying  the  effects  of  sowing  season  and  seed- 
bed cultivation  on  the  emergence  and  first-year  survival  of  ponderosa  pine  {Pinus 
ponderosa  Dougl.  ex  Laws.),  Douglas-fir,  grand  fir,  and  western  redcedar  seeds 
sown  at  unspecified  depths  on  a  0.1-hectare  area  in  northern  Idaho.  Survival  of 
their  seedlings  ranged  from  less  than  1  percent  to  about  17  percent.  Radvanyi 
(1966)  determined  the  influence  of  small  mammals  on  the  direct  seeding  of  white 
spruce  {Picea  glauca  Moench)  Voss)  on  two  clearcut  areas  near  Hinton,  Alberta. 
His  spruce  seeds  were  treated  with  endrin  and  coated  with  aluminum  powder,  but 
half  were  destroyed  during  the  summer.  Lotan  and  Perry  (1977)  treated  lodgepole 
pine  seeds  with  endrin  and  anthraquinone  before  sowing  them  on  nine  seedbed 
treatments  in  three  habitat  types  in  southwestern  Montana  and  southeastern  Idaho. 
They  recorded  seed-to-seedling  ratios  that  were  inversely  related  to  moistness  of 
the  habitat.  The  results  of  all  three  of  these  experiments  are  most  applicable  to  ar- 
tificial regeneration  by  direct  seeding. 

Direct  seeding  was  used  by  Alexander  (1983,  1984)  to  relate  environmental  factors 
to  the  germination  and  survival  of  Engelmann  spruce  {Picea  engelmannii  Parry  ex 
Engelm.)  seedlings  after  clearcutting  in  the  Rocky  Mountains  of  Colorado.  He 
found  drought  to  be  the  most  serious  cause  of  mortality  and  obtained  his  best 
seed-to-seedling  ratio  (32:1)  by  using  scarified,  shaded  seedbeds  on  a  north 
aspect.  Rodents  were  excluded  from  those  seedbeds,  however;  and  rodent  preda- 
tion  is  one  of  the  most  important  factors  influencing  natural  regeneration.  Rodents 
were  not  excluded  from  the  clearcut  openings  in  which  Alexander  (1969)  studied 
the  natural  seedfall  and  establishment  of  Engelmann  spruce,  but  most  surviving 
seedlings  were  confined  to  scarified  seedbeds  at  the  margins  of  those  clearcuts. 

Natural  regeneration  on  clearcuts  was  also  studied  by  Noble  and  Ronco  (1978). 
They  measured  the  seed  production  and  seed  dispersal  of  Engelmann  spruce  and 
subalpine  fi--  {Abies  lasiocarpa  (Hook.)  Nutt.)  for  10  years  and  monitored  seedling 
establishment  and  survival  for  14  years  to  determine  the  ratios  of  seeds  to 
established  seedlings  for  five  National  Forests  in  Colorado.  The  ratios  varied  with 
clearcut  size,  seedbed,  and  other  environmental  conditions.  They  ranged  from 
167:1  to  indeterminant  (no  surviving  seedlings). 


Seed-to-seedling  ratios  are  needed  for  Pacific  Northwest  forests.  It  is  difficult  to 
judge  the  adequacy  of  seed  dispersal  or  compare  artificial  and  natural  regenera- 
tion without  relating  the  number  of  seeds  dispersed  to  the  number  of  naturally 
established  seedlings  that  result.  Perry  and  others  (1982)  show  that  the  growth  of 
those  established  seedlings  may  be  reduced  by  changes  in  soil  mycorrhizae  that 
are  associated  with  clearcutting,  and  Harvey  and  others  (1979)  found  differences 
in  the  distribution  of  ectomycorrhizae  among  habitat  types.  Parke  and  others 
(1983)  found  that  forest  litter  and  humus  include  mycorrhizal  inoculum. 

Artificial  regeneration  is  difficult,  and  natural  regeneration  is  slow  and  erratic  in 
several  habitat  types  within  the  Abies  amabilis  forest  zone.  I  measured  seed  ger- 
mination, seedling  survival,  and  early  seedling  growth  on  two  of  those  difficult-to- 
regenerate  habitat  types  in  the  McKenzie  River  basin,  then  calculated  seed-to- 
established  seedling  ratios.  This  study  had  five  objectives: 

1 .  To  compare  seedling  establishment  and  early  growth  in  the  Abies 
amabilislAclilys  triptiylla  and  Abies  amabilis/Vaccinium  mem- 
branaceum/Xerophyllum  tenax  habitat  types. 

2.  To  compare  the  effect  of  soil  on  seed  germination  and  early  seedling  growth  in 
the  two  habitat  types. 

3.  To  estimate  the  effect  of  animal  predation  on  seedling  establishment. 

4.  To  compare  the  effect  of  two  microenvironments  on  seedling  survival. 

5.  To  determine  the  effect  of  adding  mycorrhizal  inoculum  (forest  humus)  to 
mineral  soil  seedbeds  in  clearcuts. 


Methods  Table  1— Locations  and  physiography  of  the  clearcuts 


Aspect 
Clearcut  Location  1/  Elevation  azimuth  Slope 


Meters  Jegrees  Percent 


Achlys   1  SW1/4NE1/4S8T14SR6E 

Achlys   2  iJEl/4iNli,ll/4S19T14SR6E 

Achlys   3  NW1/4WE1/4S29T15SR6E 

Achlys  4  SE1/4SE1/4S18T15SR6E 

Xerophyllum  1       SE1/4NW1/4S34T14SR6E 

Xeropnylljfn  I       SU1/4NE1/4S28T14SR5E 

Xerophyllum  3       NEl/4SvJi/4S33T15SR6E 

Xerophyllum  4       NyJi/4S^l/4S5T16SR6E 


220 

310 

370 

340 

400 

490 

520 

340 

200 

20 

135 

45 

180 

40 

225 

65 

248 

15 

105 

40 

260 

60 

40 

30 

1/  From  the  Willamette  Meridian. 


I  selected  eight  clearcuts  in  the  McKenzie  River  basin  that  were  most  represen- 
tative of  the  habitat  types  to  be  studied.  Four  clearcuts  were  in  the  Abies 
amabilis/Achlys  triphylla  habitat  type,  and  four  were  in  the  Abies  amabilis/Vac- 
cinium  membranaceumlXerophyllum  tenax  type.  Two  clearcuts  in  each  habitat  type 
were  located  in  the  H.J.  Andrews  Experimental  Forest;  the  other  two  were  north  of 
that  research  facility.  All  were  in  the  Willamette  National  Forest,  and  all  were  more 
than  5  years  old.  Elevations  ranged  from  1  219  to  1  524  meters.  Slopes  and 
aspects  varied,  but  topographic  differences  were  well  distributed  among  habitat 
types  (table  1).  A  uniform  area  characteristic  of  the  habitat  type  was  delineated 
within  each  clearcut.  i^     '  then  installed  a  consolidated-seedbed  experiment  and 
collected  soil  samples  for  a  greenhouse  experiment.  One  year  later,  a  second 
dispersed-seedbed  experiment  was  installed  on  the  same  clearcut  areas. 


^William  H.  Emmingham  assisted  in  clearcut  selection  and 
delineated  the  habitat  types. 


Consolidated-Seedbed        Four  seedbeds  were  randomly  located  in  each  clearcut;  sites  that  fell  on  stumps, 
Experiment  boulders,  or  other  nonsoil  material  were  rejected.  Each  seedbed  was  a  3-meter  by 

2-meter  area  cleared  of  all  vegetation,  humus,  roots,  and  rocks.  A  2-meter  by 
1 -meter  rectangular  subplot  was  established  at  the  center  of  each  of  these  four 
cleared  seedbeds.  Each  subplot  was  divided  into  eight  50-centimeter  by 
50-centimeter  squares.  Four  conifer  species  were  then  randomly  assigned  to  those 
eight  squares. 

Four  of  the  squares  were  sown  with  250  uniformly  distributed  seeds  of  the  same 
species.  The  seeds  received  no  predation  protection.  Douglas-fir,  western  hemlock. 
Pacific  silver  fir,  and  noble  fir  from  the  McKenzie  River  basin  were  used.  Seeds 
were  placed  in  1 -centimeter  depressions  but  were  not  covered  with  soil.^ 

The  other  four  squares  in  each  subplot  were  sown  with  only  50  seeds  of  the  same 
species.  These  seeds  were  sown  near  the  center  of  the  square,  in  five  grid  areas, 
with  10  seeds  per  area.  The  seeds  on  each  10-centimeter  by  10-centimeter  grid 
area  were  then  covered  with  pint-sized  berry  baskets  as  recommended  by 
Zechentmayer  (1971).  The  berry  baskets  were  staked  down  to  prevent  seed  preda- 
tion by  small  mammals  and  birds.  Like  the  unprotected  seeds,  the  seeds  protected 
by  berry  baskets  were  placed  in  depressions  but  were  not  covered  with  soil. 

Each  of  the  eight  clearcuts  (four  in  each  habitat  type)  contained  four  2-meter  by 
1 -meter  subplots.  Each  subplot  in  a  clearcut  contained  1,000  unprotected  seeds 
(250  of  each  species)  and  200  protected  seeds  (50  of  each  species).  Thus,  each  of 
the  eight  clearcuts  contained  1 ,200  seeds  of  each  species,  sown  at  a  density  of 
1 ,000  seeds  per  square  meter.  All  those  seeds  were  sown  from  September  22 
through  October  2,  1980,  when  natural  seedfall  was  occurring  in  the  adjacent 
stands.  A  few  true  fir  seeds  of  natural  origin  probably  reached  the  consolidated- 
seedbed  subplots  from  those  adjacent  stands,  but  they  did  not  affect  the  Douglas- 
fir  seedling  counts. 

Immediately  after  the  snow  melted  in  1981,  during  the  first  week  of  June, 
maximum-minimum  thermometers  were  installed  at  the  soil  surface  and  at  a  depth 
of  5  centimeters  on  three  randomly  chosen  subplots  in  each  clearcut.  All  subplots 
were  then  visited  at  2-week  intervals  until  August  and  at  monthly  intervals  from 
August  through  the  middle  of  October.  Seedlings  were  counted,  photographed, 
and  mapped  at  each  visit  to  determine  seed  germination  and  seedling  mortality. 
The  thermometers  were  calibrated  at  each  visit.  Maximum  and  minimum 
temperatures  were  recorded  for  each  period  between  visits. 


^Uniform  seed  distribution  was  obtained  by  evenly  sowing 
10  seeds  in  each  of  25  grid  areas  in  the  50-centimeter  square. 
Each  grid  area  was  10  centimeters  by  10  centimeters. 


Clearcuts  were  the  replications  in  this  experiment,  and  seedling  numbers  on  the 
four  subplots  were  combined  for  each  clearcut.  The  resulting  survival  percentages 
were  transformed  to  arc  sines;  split  plot  analyses  of  variance  were  used  to 
examine  the  differences  associated  with  habitat  types,  species,  and  predation 
protection. 

Dispersed-Seedbed  This  experiment  was  established  in  late  October  1981.  Twenty  stumps  were 

Experiment  selected  in  each  of  the  eight  clearcut  areas  used  in  the  consolidated-seedbed  ex- 

periment. Each  stump  was  at  least  30  centimeters  in  diameter  with  vertical  or 
nearly  vertical  sides  on  the  north  and  east.  Vegetation,  humus,  rotten  wood, 
roots,  and  rocks  were  removed  to  expose  mineral  soil  in  a  50-centimeter  by 
50-centimeter  seedbed  on  the  northeast  side  of  each  stump  selected.  A  similar 
50-centimeter  by  50-centimeter  mineral  soil  seedbed  was  created  in  an  open,  un- 
shaded microsite  near  each  of  the  selected  stumps.  Thus,  20  seedbed  pairs  were 
established  in  each  clearcut.  One  seedbed  in  each  pair  was  shaded  by  a  stump. 
The  other  seedbed  was  unshaded.  Half  of  the  20  seedbed  pairs  were  randomly 
selected  for  the  addition  of  mycorrhizal  inoculum  (forest  humus).  Humus  was  col- 
lected from  the  humus-mineral  soil  interface  in  a  stand  adjacent  to  the  experimen- 
tal area-in  the  same  habitat  type.  A  200-cubic-centimeter  portion  of  this  humus 
was  then  mixed  with  the  surface  soil  in  a  10-centimeter  by  30-centimeter  area  on 
each  selected  seedbed. 

Two  seed  spots  were  established  10  centimeters  apart  on  each  of  the  40 
seedbeds  in  each  clearcut.  Each  seed  spot  was  10  centimeters  square.  A 
10-centimeter-square  template  with  10  evenly  spaced  0.6-centimeter-diameter  bolts 
protruding  1  centimeter  from  its  lower  side  was  pressed  against  the  seedbed  sur- 
face to  create  the  depressions  in  which  10  Douglas-fir  seeds  were  placed  on  each 
seed  spot.  The  seeds  were  not  covered  with  soil,  but  one  seed  spot  on  each 
seedbed  was  protected  from  predation  by  installing  a  staked-down  plastic  berry 
basket.  A  flip  of  the  coin  determined  the  seed  spot  to  be  protected  at  each 
seedbed. 

One  Achlys  clearcut  and  one  Xerophyllum  clearcut  were  randomly  selected  for 
temperature  measurements.  Maximum-minimum  thermometers  were  installed  at 
six  randomly  selected  seedbed  pairs  in  each  of  these  clearcuts.  Maximum  and 
minimum  soil  surface  temperatures  were  then  determined  at  the  stump-shaded 
microsite  and  the  open,  unshaded  microsite  in  each  selected  pair  for  a  single 
period  beginning  on  July  8  and  ending  on  October  12,  1982. 

The  numbers  and  heights  of  surviving  seedlings  were  recorded  in  October  1982 
and  September  1983.  Transformed  survival  percentages  and  average  heights  of 
the  1-  and  2-year-old  seedlings  were  subjected  to  split-split-split  plot  analyses  of 
variance;  the  splits  were  for  habitat  type,  humus  addition,  microsite,  and  protection 
from  predation. 


Greenhouse  Experiment     About  5  000  cubic  centimeters  of  soil  were  removed  from  the  top  25  centimeters 

of  the  seedbed  at  each  of  the  four  consolidated-seedbed  subplots  in  each  of  the 
eight  clearcuts  on  September  25,  1980.  The  four  subplot  soil  collections  from  each 
clearcut  were  combined,  homogenized  in  a  concrete  mixer,  and  used  to  fill  four 
fiber  pots.^     The  32  soil-filled  pots  (four  from  each  clearcut)  were  placed  out- 
doors in  a  lath  house  at  Corvallis,  Oregon,  on  September  26,  1980.  Samples  of 
the  potting  soil  from  each  clearcut  were  air  dried  and  analyzed  to  determine  their 
physical  and  chemical  properties. 

I  moved  the  soil-filled  pots  to  an  unheated  Corvallis  greenhouse  on  January  6, 
1981.  Each  of  the  four  pots  from  each  clearcut  was  then  sown  by  scattering  50 
seeds  of  the  same  species  on  the  soil  surface.^     The  seeded  pots  were  arranged 
in  completely  random  array  on  a  bench  in  the  unheated  greenhouse.  No  supple- 
(mental  lighting  was  used. 

I  examined  the  pots  and  counted  seedlings  every  other  day  for  74  days  after  sow- 
ing. Seedling  counts  were  then  continued  at  weekly  intervals  for  another  131  days. 
The  techniques  described  by  Campbell  and  Sorensen  (1979)  were  used  to 
calculate  days  to  peak  germination,  mean  germination  rate,  and  the  standard 
deviation  of  mean  germination  rate.  They  were  also  used  to  fit  germination  fre- 
quency curves. 

Seedlings  were  thinned  to  the  three  largest  in  each  pot  on  August  13,  1981.  No 
nutrients  were  added,  but  the  seedlings  were  watered  regularly  and  kept  in  the 
unheated  greenhouse  until  February  1983.  The  2-year-old  seedlings  were  then 
measured  to  determine  shoot  height  and  were  washed  free  of  soil,  oven-dried,  and 
weighed.  Average  heights,  weights,  germination  percentages,  and  days  to  peak 
germination  were  evaluated  by  factorial  analyses  of  variance.  Mean  germination 
rates  and  their  standard  deviations  were  used  in  multivariate  analyses  of  variance. 


^The  pots  were  21  centimeters  in  diameter  and  24  centimeters 
deep. 

"'Seeds  came  from  the  same  Douglas-fir,  western  fiemlock, 
Pacific  silver  fir,  and  noble  fir  seed  lots  used  in  the 
consolidated-seedbed  experiment.  All  the  seeds  were  dry  and 
unstratified,  but  the  potted  soils  remained  moist  from  the  day 
they  were  collected  until  this  experiment  was  concluded. 


Results 

Consolidated-Seedbed 
Experiment 


Most  of  the  seeds  sown  in  the  autumn  failed  to  survive  until  spring.  Less  than  2 
percent  of  all  the  unprotected  seeds  and  only  13.9  percent  of  all  the  protected 
seeds  survived  until  the  snow  nnelted  in  May  (table  2).  Spring  survival  at  the 
highest  elevations  was  better  than  survival  at  the  lowest  elevations,  but  surviving 
seedlings  at  all  elevations  died  on  these  exposed,  consolidated  seedbeds  through- 
out the  hot,  dry  summer  of  1981.  Average  August  temperatures  were  1.8  °C 
above  normal,  and  August  precipitation  was  2.7  centimeters  below  normal  in 
the  northern  Oregon  Cascades  (National  Oceanic  and  Atmospheric  Administration 
1981).  By  October  all  the  unprotected  seedlings  were  dead  on  seedbeds  in  the 
Achlys  habitat  type,  and  only  0.06  percent  of  the  unprotected  seedlings  survived  in 
the  Xerophyllum  type.  October  survival  was  slightly  better  under  the  predation  pro- 
tection afforded  by  staked-down  berry  baskets,  but  it  averaged  only  3.56  percent  in 
the  Xerophyllum  habitat  type  and  1 .38  percent  in  the  Achlys  type.  Variation  among 
clearcuts  was  extreme,  and  the  observed  differences  between  habitat-type  means 
were  not  statistically  significant. 


Table  2— Survival  in  1981  of  seedlings  from  seeds  sown  in  September  1980 
on  exposed  mineral  soil  in  consolidated  seedbeds,  by  habitat  type,  species, 
predation  protection,  and  date^ 


Un 

protected 

y 

Protected 

U 

Habltac  type 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Hay 

June 

July 

Aug. 

Sept. 

Oct. 

and  species 

10 

17 

15 

4 

1 

15 

20 

17 

15 

4 

1 

15 

_     _     _     Pp,-/-ont 

Xerophyl lum: 

Oouglas-fir 

d.73 

0.75 

0.52 

0.40 

0.32 

0.12 

18.50 

18.25 

15.62 

14.38 

11.75 

8.62 

Noble  fir 

5.25 

2.98 

2.38 

1.22 

.60 

.08 

22.62 

17.62 

15.38 

13.12 

7.88 

4.75 

Pacific 

silver  fir 

l.lti 

.38 

.55 

.38 

.20 

.02 

10.12 

7.50 

5.12 

4.50 

2.12 

.75 

iJestern  hemlock 

1.30 

1.30 

.75 

.58 

0 

0 

9.62 

9.50 

5.75 

3.25 

.38 

.12 

Average, 

all    species 

2.12 

1.48 

1.05 

.64 

.28 

.06 

15.22 

13.22 

10.47 

8.81 

5.53 

3.56 

Achlys: 

Douglas-fir 

.'M 

.75 

.35 

.23 

0 

0 

22.00 

21.75 

18.12 

16.50 

8.12 

5.12 

Noble  fir 

.28 

.18 

.08 

.02 

0 

0 

12.38 

11.25 

9.50 

5.88 

.38 

.38 

Pacific 

silver  fir 

.08 

.05 

.32 

0 

0 

0 

3.88 

3.75 

2.50 

.88 

0 

0 

Western   hemlock 

1.55 

1.48 

.55 

.10 

0 

0 

12.12 

11.00 

4.88 

.75 

0 

0 

Average, 

all    species 

.70 

.61 

.25 

.10 

0 

0 

12.59 

11.94 

8.75 

6.00 

2.12 

1.38 

Both   types: 

Uouglas-fir 

.82 

.75 

.44 

.34 

.16 

.03 

20.25 

20.00 

16.87 

15.44 

9.94 

6.37 

Noble  fir 

2.76 

1.58 

1.22 

.62 

.30 

.04 

17.50 

14.44 

12.44 

9.50 

4.13 

2.56 

Pacific    silver 

fir 

.62 

.45 

.29 

.19 

.10 

.01 

7.00 

5.62 

3.81 

2.69 

1.06 

.38 

Western  hemlock 

1.42 

1.39 

.65 

.34 

0 

0 

10.87 

10.25 

5.32 

2.00 

.19 

.06 

Average, 

all    species 

1.41 

1.04 

.65 

.37 

.14 

.03 

13.91 

12.58 

9.61 

7.41 

3.83 

2.47 

\J  Differences  among  species,   differences  between  protected  and  unprotected  seedbeds,   and  the  species  X 
protection  interaction  were  all    statistically  significant  (P<0.01). 

y  4,000  unprotected  seeds  of  each  species  were  sown  in  each  habitat  type,   in  4  2-meter  by  1-meter  seedbeds  on 

eacn  of  4  clearcuts.  Each  seedbed  contained  1,000  unprotected  seeds   (250  of  each  species)   and  200  protected  seeds 

(50  of  each  species)  in  randomized  blocks. 

y  800  seeds  of  each  species  were  sown  in  each  habitat  type,   on  the  same  seedbeds  used  for  the  unprotected  seeds. 

They  were  protected  by  covering  with  staked-down,   plastic  berry  baskets. 


The  survival  differences  among  species  means  and  between  the  means  of  pro- 
tected and  unprotected  seedbeds  were  statistically  significant  (P  <0.01),  as  was 
the  interaction  between  species  and  protection — predation  protection  benefited 
Douglas-fir  more  than  it  benefited  the  other  species.  Douglas-fir  appeared  to  be 
the  most  successful  species.  Less  than  10  percent  survival  really  does  not  con- 
stitute success,  however,  and  it  might  be  preferable  to  say  that  Douglas-fir  failed 
less  severely  than  did  the  other  species. 

Summer  maximum  temperatures  were  significantly  higher  in  the  Achlys  habitat 
type  than  they  were  in  the  Xerophyllum  type  (table  3).  Average  maximum  soil  sur- 
face temperatures  in  both  habitat  types  rose  to  above  40  °C  by  the  end  of  June 

Table  3— Average  summer  temperature  extremes  at  the  seedbeds,  by  year, 
habitat  type,  depth  in  soil,  and  microsite 

Microsite 


Open  Stump-shaded 


Year,   habitat  type, 

and  depth  in  soil  i^aximum       iMininium  Maximum       Minimum 


1981:  1/ 
Xerophyl lum-- 
Soil  surface 
5-cm  depth 

55.9 
37.2 

-4.2 
1.1 

Achlys-- 

Soif  surface 
5-cm  depth 

60.6 
41.8 

-2.0 
1.6 

1982:  2/ 
Xerophyl  luiTi-- 
Soil  surface 

51.8 

-2.7 

Achlys-- 

Soil  surface 

59.3 

-.3 

50.8  -2.1 


57.6  -.2 


1/  Each  value  is  the  average  of  4  clearcuts,   from  3  randomly 
distributed,   unshaded  maximum-minimum  thermometers  in  each 
clearcut.     The  maximum  temperatures  differ  significantly   (P<0.05) 
between  haoitat  types. 

2/  Temperatures  were  measured  on   1  randomly  chosen  clearcut  in 
each  habitat  type  during  1982.     Each  Achlys  value  is  the  average 
of  6  maximum-minimum  thermoiiieters  located  at  randomly  chosen 
microsite  pairs.     Each  Xerophyllum  value  is  the  average  of  4 
maximum-minimum  thermometers   (theTmometers  were  destroyed  at  2 
microsites).     These  single-clearcut  measurements  were  not 
analyzed  statistically. 
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Figure  1. 
1981,  by 
clearcuts 


Measurement  period 

—Seedbed  temperatures  at  the  soil  surface,  summer 
habitat  type.  Each  plotted  point  Is  the  average  of  four 
from  three  randomly  distributed,  unshaded  maximum- 
thermometers  in  each  clearcut. 


(fig.  1),  and  surface  temperatures  on  several  of  the  most  exposed  seedbeds  ex- 
ceeded 46  °C  during  this  early  period.  Average  soil  surface  maximums  rose  to 
above  55  °C  in  August,  when  the  temperatures  of  several  exposed  seedbeds  ex- 
ceeded 62  °C.  Maximum  soil  temperatures  at  a  depth  of  5  centimeters  were  less 
extreme,  but  the  difference  between  habitat  types  was  evioent  earlier  in  the 
season  (fig.  2).  Minimum  soil  surface  temperatures  were  near  or  below  freezing 
during  the  entire  summer  (fig.  1),  and  I  found  several  seedlings  uprooted  by  frost 
heaving  in  October.  The  minimum  soil  temperatures  at  5  centimeters  remained 
above  freezing  throughout  the  summer,  but  they  varied  more  than  the  surface 
minimum  temperatures  (fig.  2). 


Erratum:  Germination,  survival  and  early  growth  of  conifer  seedlings  in  two  habitat 
types.  Res.  Pap.  PNW-348.  January  1986,  p.  10-11:  Labels  of  the  y-axes  are  reversed 
on  figures  1  and  2:  figure  1  should  be  "Temperature  at  the  soil  surface  (°C)"  and 
figure  2  should  be  "Temperature  at  5-cm  depth  (°C)." 
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Figure  2.— Seedbed  temperatures  at  the  5-centimeter  depth, 
summer  1981,  by  habitat  type.  Each  plotted  point  is  the  average 
of  four  clearcuts,  from  three  randomly  distributed,  unshaded 
maximum-minimum  soil  thermometers  with  buried  sensing  pro- 
bes in  each  clearcut. 

Dense  herbaceous  vegetation  became  established  on  several  of  the  seedbeds, 
obscuring  the  conifer  seedlings.  Seedling  survival  did  not  seem  to  be  adversely  af- 
fected by  this  vegetative  competition.  Instead,  the  shade  provided  by  invading 
weedy  species  seemed  to  benefit  seedling  survival  during  the  hot,  dry  month  of 
August  1981.  Numbers  of  invading  species  and  total  vegetative  cover  were  higher 
on  the  Achlys  habitat  type  than  on  the  Xerophyllum  type. 

Animal  damage  seemed  to  be  more  severe  on  the  Achlys  habitat  type  than  on  the 
Xerophyllum  type.  More  gopher  mounds  were  observed  on  the  Achlys  habitats.  Elk 
completely  destroyed  one  Achlys  seedbed  by  trampling  the  berry  baskets  and  scat- 
tering the  maximum-minimum  thermometers;  deer  destroyed  another. 
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Dispersed-Seedbed  Average  August  temperatures  and  August  precipitation  were  about  normal  in  1982 

Experiment  g^^j  1933  (National  Oceanic  and  Atmospheric  Administration  1982,  1983).  First- 

year  survival  at  the  end  of  the  1982  growing  season  was  much  better  on  small, 
dispersed  seed  spots  than  it  was  on  the  large,  consolidated  seedbeds.  More  than 
15  percent  of  the  seeds  sown  under  berry  baskets  survived  as  1 -year-old  seedlings 
on  the  seed  spots  shaded  by  stumps  (table  4).  Basket-covered  seed  spots  located 
on  open  microsites  were  less  successful,  but  more  than  10  percent  of  the  seeds  in 
that  treatment  resulted  in  1 -year-old  seedlings.  Survival  of  the  seeds  without  berry- 
basket  protection  was  much  poorer,  averaging  1 .5  percent  on  stump-shaded 
microsites  and  only  0.8  percent  on  the  open  microsites.  The  first-year,  seed-to- 
seedling  ratio  was  88:1  for  these  unprotected  seeds. 

Variation  among  clearcuts  within  habitat  types  was  high.  More  seedlings  survived 
in  the  Xerophyllum  habitats,  but  the  first-year  difference  in  survival  between  habitat 
types  (10.8  vs  5.8  percent)  was  not  statistically  significant.  Where  mycorrhizal  in- 
oculum (humus)  was  added  to  the  seedbed,  7.8  percent  of  the  seeds  survived. 
Where  humus  was  not  added,  8.8  percent  survived,  but  this  small  difference  was 
not  significant.  Interactions  among  habitat  type,  humus  addition,  microsites,  and 
predation  protection  treatments  also  were  not  significant  1  year  after  sowing. 

Table  4— Average  survival  of  Douglas-fir  seedlings  1  and  2  years  after  sowing 
on  dispersed  seedbeds,  by  habitat  type,  humus  treatment,  microsite,  and 
predation  protection 


1  year 

after 

sowing 

2  years 

after 

sowing 

All    habi 

tat  types 

1  year 
after 

2  years 

after 

Treatments 

Xerophyl lum 

1/ 

Achlys  1/ 

Xerophyllum  1/ 

Achlys  1/ 

sowing  2/ 

sowing  3/ 

Humus  added: 

- 

Open  microsite-- 

Protected 

11.2 

12.0 

7.8 

7.5 

11.6 

7.6 

Unprotected 

.8 

.8 

.5 

0 

.8 

.2 

Stui.ip-shaded  microsite-- 

Protected 

20.2 

14.2 

17.5 

12.8 

17.2 

15.2 

Unurotected 

2.5 

1.0 

1.8 

.2 

1.8 

1.0 

Hui.ius  noi;  added; 

Open  raicroslte-- 

Protected 

19.0 

7.2 

13.0 

4.0 

■  13.1 

8.5 

Unprotected 

1.5 

0 

.8 

0 

.8 

.4 

Scump-snaded  j.iicrosite-- 

ProtectL'd 

29.0 

11.0 

25.8 

8.0 

20.0 

15.9 

Unprotected 

2.5 

0 

1.0 

0 

1.2 

.5 

Average 

all    treatiaents 

i/ 

10.3 

5.8 

8.5 

4.1 

8.3 

6.3 

1/  Each  treatment  value  1s  based  on  4  clearcut  replicates.     Each  of  the  8  treatments  in  a  replicate  consisted  of 
Tu  widely  scattered  seed  spots  witii  10  seeds  per  seed  spot. 

2/  The  microsite  and  predation  protection  differences  are  statistically  significant  (P<0.01).     There  are  no 
?ijnificant  interactions. 

3/   The  microsite  and  predation  protection  differences  are  significant  (P<0.01),   and  there  is  a  significant 
Tp<0.05)  microsite  X  protection  interaction.      (Predation  protection  benefited  seedling  survival   more  in  the  open 
than  on  stump-shaded  ;iiicrosi  tes. ) 

4/  The  habitat  type  differences  are  not  significant  (P<0.05). 
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Two  years  after  sowing,  in  1983,  the  differences  in  survival  between  habitat  types 
and  between  humus  treatments  remained  nonsignificant,  but  there  was  a  signifi- 
cant interaction  between  microsite  and  predation  protection  (table  4).  Protection 
was  more  beneficial  on  open  seed  spots  than  it  was  in  the  shade  of  stumps. 
Stump  shade  helped,  however,  in  establishing  the  2-year-old  seedlings;  2-year  sur- 
vival of  seeds  sown  next  to  stumps  (8.4  percent)  was  twice  as  great  as  survival  of 
seeds  sown  in  the  open  (4.2  percent).  The  predation  protection  provided  by  berry 
baskets  was  even  more  important  than  stump  shade.  About  24  times  as  many 
2-year-old  seedlings  resulted  from  the  original  sowing  (12.0  vs  0.5  percent)  when 
seeds  and  young  seedlings  were  protected  from  predation.  The  plastic  berry 
baskets  deteriorated  during  the  second  growing  season  and  did  not  impede  seed- 
ling growth  (fig.  3). 


Figure  3.— Two-year-old  Douglas-fir  seedlings  that  have  grown 
through  a  deteriorating  plastic'berry  basket;  September  1983. 
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Seedling  height  growth  was  better  next  to  stumps  than  in  the  open,  and  the  seed- 
lings protected  from  predation  grew  taller  than  seedlings  without  that  protection 
(table  5).  Adding  forest  humus  to  the  seedbeds  did  not  significantly  affect  seedling 
heights,  and  the  average  2-year-old  heights  did  not  differ  significantly  between 
habitat  types. 

The  unprotected  seedbeds  were  most  similar  to  those  encountered  in  nature  dur- 
ing natural  regeneration.  When  all  of  these  dispersed,  unprotected  seedbeds  were 
considered— on  all  humus  treatments— the  seed-to-established  seedling  ratio  deter- 
mined for  2-year-old  seedlings  on  these  mineral  soil  seedbeds  was  133:1  on 
stump-shaded  microsites  and  333:1  in  the  open. 


Table  5— Average  heights  of  surviving  Douglas-fir  seedlings  2  years  after 
sowing,  by  habitat  type,  humus  treatment,  microsite,  and  predation 
protection 


Seedlings  in 

Seedlings 

in 

All 

Treatments 

Xerophyllum  1/ 

Achlys 

1/ 

seedlings  2/ 

-  Mill 

imete 

rs  -  - 

Humus  added: 

Open  microsite-- 

Protected 

36 

54 

45 

Unprotected 

28 

-- 

28 

Stump-shaded  microsite- 

- 

Protected 

49 

59 

54 

Unprotected 

28 

25 

27 

Humus  not  added: 

Open  microsite-- 

Protected 

38 

38 

38 

Unprotected 

32 

-- 

32 

Stump-shaded  microsite- 

- 

Protected 

48 

53 

50 

Unprotected 

32 

-- 

32 

Average 

all  complete 

treatments  3/ 

40 

46 

--  =  absence  of  surviving  seedlings. 

y  Each  treatment  value  is  based  on  tlie  surviving  seedlings  in  4  clearcut 
replicates.     Each  of  the  8  treatments  in  a  replicate  consisted  of  10  widely 
scattered  seed  spots  with  10  seeds  per  seed  spot. 

2J  The  microsite  and  predation  protection  differences  are  statistically 
significant  (P<0.01).     There  are  no  significant  interactions. 

y  Complete  treatments  have  seedlings  in  both  habitat  types.     The  habitat 
type  difference  is  not  significant. 
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Greenhouse  Experiment     The  soils  involved  in  this  study  of  conifer  germination,  survival,  and  early  growth 

were  nearly  alike.  There  was  some  variation  in  physical  and  chemical  properties 
among  clearcuts,  but  the  two  habitat  types  differed  significantly  in  only  one 
variable.  Most  of  the  Achlys  soils  had  less  extractable  Fe  than  did  the  Xerophyllum 
soils  (table  6).  The  small  habitat  type  differences  in  other  nutrient  elements,  tex- 
ture, color,  pH,  and  cation  exchange  capacity  were  not  statistically  significant. 

Table  6— Properties  of  soils  from  the  Achlys  and  Xerophyllum  habitat  types,  by  clearcut^ 


Clearcut                       Sand  2/ 

Silt  2/ 

Clay   2/ 

pH   3/ 

C.E.C. 

MH4-N  4/ 

NO3-N  4/ 

P   5/ 

K   6/ 

Ca  6/ 

Mg  6/ 

Mn  6/ 

Fe  6/ 

Munsell 
color  value  7/ 

-   percent  - 

29.3 
33.2 
40.2 
38.6 

10.4 

5.5 

11.4 

11.5 

5.15 
5.50 
5.30 
5.35 

meq/100  g 

31.42 
25.64 
32.90 
37.42 

19.6 
32.2 
30.8 
37.8 

u/g 

0.020 
.043 
.171 
.115 

p/m 

14.98 
10.44 
14.98 
14.98 

7.72 
7.75 
9.98 
5.58 

37.13 
16.95 
26.28 
40.60 

mg/lOOg 

5.95 
1.92 
2.58 
2.37 

10 
10 
10 
10 

YR 
YR 
YR 
YR 

Achlys   1                          6J.3 
Achlys   2                          61.3 
Acnlys   3                          40.4 
Achlys  4                         49.9 

1.55 

1.22 

.80 

.62 

0.192 
.000 
.300 
.000 

2/1.5 
2/2.0 
2/2.0 
2/1.0 

i'iein,  all 
Acniys                    54.98 

Xerophyllum   1               56.5 
Xerophyllum  2                54.4 
Xerophyllum  3                53.9 
Xeropny  1  lu.ii  4                54.7 

35.32 

36.1 
3o.2 
34.6 
37.8 

9.70 

7.4 

9.4 

11.5 

7.5 

5.32 

5.05 
5.00 
5.25 
5.40 

31.84 

35.50 
35.78 
39.24 
23.64 

30.1 

61.6 
45.2 
57.4 
29.4 

.087 

.027 
.028 
.054 
.004 

13.84 

20.88 
17.71 
16.34 
11.35 

7.76 

12.98 
5.82 
9.55 
7.52 

30.25 

15.78 

9.62 

33.92 

13.38 

3.20 

3.13 
1.74 
3.58 
2.20 

1.07 

2.62 

1.32 

1.12 

.75 

.048 

.192 
.288 
.192 
.192 

10 

10 
10 
10 
10 

YR 

YR 
YR 
YR 
YR 

2/1.6 

2/1.5 
2/1.5 
2/1.0 
2/2.0 

Mean,  all 
Xerophyllum         54.88 

36.18 

8.95 

5.10 

34.79 

48.6 

.028 

16.57 

9.22 

18.42 

2.66 

1.45 

0.216 

10 

YR 

2/1.5 

1/   Soils  were  collected  from  the  0-   to 
clearcut  were  then  blended  to  yield  a 

25-centimeter  depth  at  4  randomly 
single  sample  for   that  clearcut.     T 

ocated  poin 
le  Xerophyll 

ts   on   each  of  the  8  clearcuts.     The  4  su 
urn  soil   has  more  Fe   than  the  Achlys  soi' 

bsamples   from  each 

,   but  none  of  the  other 

parameters   differed  significantly  between   habitat  types. 

2/  Hydrometer  method. 

3/   Soil -water  paste. 

4/  Water  extractable. 

5/  Acid  extractable   (8ray  method). 

6/  Extractable   (NH40A(.  at  pH  7.0). 

7/  Moist  soil . 
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Table  7— Average  germination  percentages,  days  to  peak  germination,  mean  germination  rates  with 
standard  deviations,  heights,  weights,  and  shoot-to-root  ratios  of  Douglas-fir,  noble  fir.  Pacific  silver  fir, 
and  western  hemlock  seedlings  grown  in  a  greenhouse  on  soils  from  Abies  amabilis/Xerophyllum  and 
Abies  amabilis/Achiys  habitat  types^ 


Mean  gerini 

nation 

Oven-dry 

Oven-dry 

Total 

Shoot-to- 

Soil    type  and 

Peak 

rate  and  its 

standard 

shoot 

root 

oven-dry 

root 

seeiiliny  species 

Germination  2/ 

germination  3/ 

deviation 

3/  4/ 

tieight  2/ 

weight  5/ 

weight  6/ 

weight  7/ 

ratio  6/ 

percent 

days 

cm 

Xerophyllum  soil : 

Oouglds-fir 

57.0 

103.8 

0.0088 

r 

0.0020 

7.1 

1.56 

3.07 

4.73 

0.54 

Noble  fir 

35.0 

44.5 

.0186 

± 

.0068 

10.8 

2.36 

4.14 

6.50 

.55 

Pacific  silver  fir 

lb. 5 

67.8 

.0120 

+ 

.0045 

3.6 

.78 

1.12 

1.90 

.73 

»iestern  hemlock 

61.5 

61.0 

.0159 

+ 

.0020 

7.9 

4.69 

5.46 

10.15 

.84 

Average, 

all    species 

42.2 

69.2 

.0138 

- 

.0038 

7.3 

2.37 

3.45 

5.32 

.64 

Actilys  soil  : 

Douglas-fir 

57.5 

93.5 

.0092 

- 

.0030 

13.4 

4.26 

5.26 

9.50 

.76 

Noble  fir 

40.0 

38.0 

.0200 

t 

.0090 

9.2 

2.70 

4.90 

7.60 

.54 

Pacific  si  1 ver  fir 

19.5 

58.5 

.0136 

+ 

.0057 

5.2 

1.86 

2.91 

4.77 

.70 

Western  hemlock 

56.0 

60.2 

.0158 

- 

.0025 

8.9 

2.76 

3.67 

6.43 

.69 

Average, 

all    species 

43.2 

62.6 

.0146 

+- 

.0050 

9.2 

2.89 

4.18 

7.07 

.69 

1/  Each  species  value  is  the  average  of  4  replicates.     Heights,  weights,  and  shoot-to-root  ratios  are  based  on  the  biggest  seedling  in 
each  replicate. 

2/  Species  are  significantly  different  (P<0.01),   but  soil    types  do  not  differ  significantly,   and  there  ire  no  significant  interactions. 

3/  Determined  by  using  the  method  of  Campbell   and  Sorensen   (1979).     Species  and  soil    types  differ  significantly   (P<0.01  and  P<0.05, 
respectively),   but  there  are  no  significant  interactions. 

4/  Mean  germination  rate  and  its  standard  deviation  were  used  in  multivariate  analyses  of  variance,     (lean  germination  time  in  days  equals 
1/mean  germination  rate. 

5/  Species  differ  significantly   (P<0.0i),   and  there  is  a  significant  (P<0.05)   species-soil    type  interaction. 

6/  Species  are  significantly  different   (P<0.05). 

7/  Species  differ  significantly   (P<0.05),   and  there  is  a  significant   (P<0.05)   species-soil    type  interaction. 

Species  differences  were  significant  when  germination  percentages,  days  to  peak 
germination,  and  mean  germination  rates  of  the  seeds  sown  on  those  soils  were 
compared  (table  7).  Germination  percentages  for  Douglas-fir  and  western  hemlock 
were  higher  than  those  for  noble  fir  and  Pacific  silver  fir,  and  Douglas-fir  ger- 
minated more  slowly  than  the  other  species  on  soils  from  both  habitat  types. 

Soil  type  differences  were  significant  when  days  to  peak  germination  and  mean 
germination  rates  were  compared  among  soil  types,  even  though  species  reacted 
similarly  on  the  two  soil  types  (there  were  no  significant  species  x  soil  type  in- 
teractions). Seeds  of  all  four  conifer  species  tended  to  reach  their  peak  germina- 
tion frequencies  faster  on  Achlys  soils  than  on  Xerophyllum  soils,  but  their 
germination  periods  were  longer  on  the  Achlys  soils  (figs.  4  through  7).  These  soil- 
related  differences  occurred  for  both  the  species  that  germinated  during  a  brief 
period  (for  example,  western  hemlock,  fig.  7)  and  for  those  that  germinated  over  a 
longer  period  (for  example,  Douglas-fir,  fig.  4).  Except  for  Pacific  silver  fir  (fig.  6), 
the  peak  germination  frequencies  were  higher  on  Xerophyllum  soils  than  on  Achlys 
soils. 
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Figure  4. — Germination  frequency  in  an  unhealed  greenhouse  of 
Douglas-fir  seeds  on  soils  from  Abies  amabilislAchlys  and  Abies 
amabllislXerophyllum  habitat  types. 
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Figure  5. — Germination  frequency  in  an  unhealed  greenhouse  of 
noble  fir  seeds  on  soils  from  Abies  amabilislAchlys  and  Abies 
amabilislXerophyllum  habitat  types. 
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Figure  6.— Germination  frequency  in  an  unhealed  greenhouse  of 
Pacific  silver  fir  seeds  on  soils  from  Abies  amabillslAchlys  and 
Abies  amabilis/Xeropiiyllum  habitat  types. 
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Figure  7. — Germination  frequency  in  an  unhealed  greenhouse  of 
western  hemlock  seeds  on  soils  from  Abies  amabilisi Achlys  and 
Abies  amabilislXerophyllum  habitat  types. 
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The  2-year-old  greenhouse  seedlings  differed  in  height  among  species,  but  those 
species  differences  were  similar  on  both  soil  types,  and  seedling  heights  did  not 
differ  significantly  between  soils.  Similarly,  oven-dry  root  weights  and  shoot-to-root 
ratios  differed  among  species,  but  the  species  differences  were  similar  on  both  soil 
types,  and  the  soils  did  not  differ  with  respect  to  the  root  weights  and  shoot-to-root 
ratios  of  seedlings  grown  on  them  (table  7). 

Shoot  weights  and  total  seedling  weights  also  differed  among  species.  The  species 
differences  were  not  consistent,  however.  Although  no  significant  differences  in 
shoot  and  seedling  weights  occurred  between  soil  types,  the  species  grew  dif- 
ferently on  soils  from  the  two  habitat  types.  For  example,  Douglas-fir  shoot  and 
seedling  weights  were  heavier  than  noble  fir  shoot  and  seedling  weights  on  Achlys 
soils,  but  the  reverse  was  true  on  Xerophyllum  soils.  Douglas-fir  and  noble  fir 
seedlings  were  heaviest  on  the  Achlys  soils,  but  western  hemlock  seedlings  were 
heaviest  on  the  Xerophyllum  soils. 

Discussion  and  The  large  size  and  exposed  locations  of  the  consolidated  seedbeds  made  them 

Conclusions  conspicuous  and  easy  to  find.  Once  found,  these  2-meter  by  1 -meter  seedbeds 

constituted  well-spread  banquet  tables  for  seed-eating  mammals  and  birds.  Most  of 
the  seeds  were  visible,  easy  to  reach,  and  present  in  large  quantities  on  a  uniform 
surface.  Only  seeds  under  the  berry  baskets  were  not  easily  available  at  these 
seedbeds,  which  seem  to  have  become  feeding  stations  for  wildlife.  The  young 
seedlings  that  escaped  predation,  even  those  under  the  berry  baskets,  were  ex- 
posed to  soil  surface  temperatures  above  55  °C  on  the  consolidated  seedbeds. 
High  surface  temperatures  damage  seedlings,  and  Silen  (1960)  observed  conifer 
seedling  mortality  in  the  field  at  temperatures  of  53  °C  to  60  °C.  Except  for  a  few 
seedlings  shaded  by  invading  vegetation,  none  of  the  consolidated-seedbed  seed- 
lings were  protected  by  the  irregularities  in  microtopography  and  various  amounts 
of  partial  shade  usually  found  in  natural,  unmodified  seedbeds.  Most  of  the  seed- 
lings that  escaped  mammal  and  bird  predation  probably  were  damaged  by  high 
temperatures  on  the  consolidated  seedbeds.  The  observed  beneficial  effect  of 
competing  herbaceous  vegetation  indicated  that  moisture  stress  probably  was  not 
serious  on  those  seedbeds. 

Whatever  its  cause,  the  almost  total  seed  and  seedling  mortality  measured  in  the 
consolidated-seedbed  experiment  should  be  considered  abnormal  and  not 
representative  of  results  of  either  natural  regeneration  or  direct  seeding  in  the 
Abies  amabilis  forest  zone.  Too  many  unforeseen,  unnatural  seed  and  seedling 
hazards  were  introduced  when  the  consolidated  seedbed  experiment  was 
designed. 

,  The  dispersed-seedbed  experiment  was  designed  to  avoid  the  unnatural  concen- 

I  tration  of  seeds  and  uniform  exposure  to  high  seedbed  temperatures  present  in 

the  consolidated  seedbeds.  Seeds  were  widely  scattered  in  small  seed  spots,  with 
different  exposures  on  the  stump-shaded  and  open  microsites.  A  humus  treatment 
was  included  to  see  if  the  absence  of  mycorrhizal  inoculum  contained  in  forest 
humus  might  be  involved  in  the  variation  in  survival  among  clearcuts  measured 
on  the  consolidated  seedbeds. 


19 


Introducing  humus  from  adjacent  forest  stands  did  not  significantly  affect  the  field 
survival  and  early  growth  of  Douglas-fir  seedlings  in  the  dispersed-seedbed  experi- 
ment, and  variation  among  clearcuts  could  not  be  related  to  the  absence  of 
mycorrhizal  inoculum  in  those  clearcuts.  Results  of  the  greenhouse  experiment 
suggest  that  an  unmeasured  factor  like  soil  microbiology  may  significantly  in- 
fluence conifer  seed  germination,  however;  the  simple  humus  additions  tested  here 
do  not  eliminate  humus  or  mycorrhizae  as  possible  sources  of  clearcut  variation  or 
habitat  type  differences  in  conifer  germination,  survival,  and  growth  within  the 
Abies  amabilis  forest  zone. 

Habitat  type  differences  in  conifer  seed  germination  probably  are  important.  The 
greenhouse  experiment  indicates  that  soils  from  the  Achlys  habitat  type  induce 
earlier,  more  prolonged  germination  than  do  soils  from  the  Xerophyllum  type  when 
both  soils  are  in  the  same  environment.  If  this  soil-induced  difference  in  germina- 
tion also  occurs  in  the  field,  where  the  Achlys  habitat  type  appears  to  be  slightly 
warmer  than  the  Xerophyllum  type,  germinating  seeds  in  the  Xerophyllum  type 
would  be  less  likely  to  experience  early  and  late-season  frosts  than  seedlings  in 
the  Achlys  type — but  seedlings  in  the  Achlys  type  might  be  able  to  better  utilize 
the  abundant  soil  moisture  present  after  snow  melt. 

The  chemical  and  physical  properties  measured  in  this  study  do  not  account  for 
the  differences  in  germination  observed  on  Achlys  and  Xerophyllum  soils  in  the 
greenhouse.  The  soils  were  similar  with  respect  to  the  color,  texture,  pH,  and 
nutrient  variables  tested.  They  occupied  randomly  assigned  positions  on  the  same 
greenhouse  bench  and  were  watered  equally.  They  were  never  dried,  however, 
and  any  differences  in  microbiology  present  in  the  field  probably  were  retained  in 
the  potted  soils.  Those  unmeasured  differences  in  biological  activity  may  have 
been  responsible  for  the  significant  differences  in  conifer  seed  germination  rates 
measured  on  the  two  soil  types  in  the  greenhouse  experiment.  Other  unmeasured 
soil  variables  also  may  have  influenced  germination  rates  in  the  greenhouse. 
Measurements  of  conifer  seed  germination  rates  on  the  two  soil  types  in  the  field 
were  confounded  by  differences  among  clearcut  and  microsite  environments. 

Microsite  environments  like  those  tested  in  the  dispersed-seedbed  experiment 
significantly  affect  seedling  survival  and  early  growth.  Stump  shade  is  beneficial, 
and  seeds  that  fall  or  are  sown  on  mineral  soil  near  the  northeast  sides  of  stumps 
have  a  better  chance  of  surviving  to  become  established  seedlings  than  seeds  that 
fall  or  are  sown  on  soil  in  the  open.  They  also  will  produce  larger  seedlings  when 
located  in  stump  shade  if  they  are  protected  from  animal  damage. 

Plastic  berry  baskets  used  in  the  two  field  experiments  protected  the  seedlings 
from  most  animal  damage.  Seedling  survival  and  growth  were  more  affected  by 
the  baskets  than  by  any  other  seedbed  variable  measured  in  the  dispersed- 
seedbed  experiment.  Unfortunately,  not  all  the  variables  were  measured.  Many 
seeds  were  eaten  by  small  mammals  or  birds;  but  many  others  failed  to  ger- 
minate, were  killed  by  severe  environmental  conditions,  or  suffered  mechanical 
damage. 

The  dispersed-seedbed  experiment  was  not  designed  to  measure  the  amounts  of 
seed  that  failed  to  produce  seedlings  because  of  germination  failure.  Germination 
of  the  same  Douglas-fir  seed  lot  sown  on  the  same  soils  in  an  unheated 
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greenhouse  averaged  57.25  percent,  however;  a  sinnilar  germination  percent  can 
be  assumed  in  the  dispersed-seedbed  experiment.  If  that  assumption  is  made,  the 
amounts  of  seedling  mortality  associated  with  seedbed  protection  and  microsite 
can  be  estimated  by  calculating  the  differences  in  survival  among  treatments  listed 
in  the  last  column  of  table  4.  Bird  and  small  mammal  predation  caused  at  least  27 
percent  mortality.  Microsite  exposure  caused  at  least  another  20  percent.  More 
than  half  of  the  observed  seedling  mortality  does  not  appear  to  be  associated  with 
these  two  variables.  All  predation  was  not  prevented  by  the  plastic  berry  baskets, 
which  were  used  to  measure  the  amount  of  bird  and  small  mammal  predation;  in- 
sects penetrated  the  baskets  and  large  mammals  smashed  some  of  them.  Similar- 
ly, all  microsite-related  mortality  is  not  represented  by  the  difference  between 
stump-shaded  and  open-microsite  survival,  for  survival  was  not  assured  by  putting 
the  seed  spots  in  stump  shade.  Some  stump-shaded  environments  were  quite 
severe,  and  sloughing  stump  bark  buried  several  of  the  seed  spots. 

Many  other  unmeasured  variables  probably  affected  the  results.  The  weather  and 
rodent  populations  that  affected  my  field  experiments  were  assumed  to  be  typical 
of  the  area,  however,  and  the  same  unmeasured  variables  also  affect  natural 
regeneration  and  direct  seeding.  The  dispersed-seedbed  experiment  therefore  pro- 
vides a  general  basis  for  estimating  seedling  survival  and  the  seed-to-established 
seedling  ratios  to  be  expected  under  natural,  uncontrolled  conditions  in  the  Abies 
amabilis  forest  zone  of  the  McKenzie  River  basin.  For  a  Douglas-fir  seed  lot 
capable  of  100  percent  germination,  about  75  seeds  would  be  required  to  establish 
one  2-year-old  seedling  on  clearcut,  mineral  soil  seedbeds  on  stump-shaded 
microsites  in  the  Abies  amabilislAchlys  triphylla  and  Abies  amabilis/Xeropliyllum 
tenax  habitat  types.  About  190  seeds  would  be  required  on  open  microsites.  The 
habitat  types  do  not  differ  significantly  with  regard  to  these  seed-to-seedling  ratios, 
for  variation  among  clearcuts  within  the  same  habitat  type  exceeded  variation 
between  types. 
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Abstract 


stein,  William  I.  Regeneration  outlook  on  BLM  lands  in  the  Siskiyou  Mountains. 
Res.  Pap.  PNW-349.  Portland,  OR;  U.S.  Department  of  Agriculture,  Forest 
Service,  Pacific  Northwest  Research  Station;  1986.  104  p. 

A  survey  of  tinnberland  cut  over  from  1956  to  1971  in  the  Applegate,  Evans,  and 
Galice-Glendale  areas  of  southwestern  Oregon  showed  that  both  partial  cuts  and 
clearcuts  were  well  stocked  with  a  combination  of  regeneration  that  started  before 
and  after  harvest  cutting.  Advance  regeneration  was  a  major  stocking  component 
in  partial  cuts.  Douglas-fir  {Pseudotsuga  menziesii  (Mirb.)  Franco)  was  the  predomi- 
nant species  of  advance  and  subsequent  regeneration  in  both  partial  cuts  and 
clearcuts.  Stocking  differed  significantly  by  forest  type,  soil  series,  soil  origin,  soil 
depth,  and  stream  drainage  and  correlated  with  an  array  of  environmental 
variables.  Regression  equations  describe  present  stocking  patterns,  and  other 
equations  predict  future  stocking  based  on  variables  that  can  be  observed  or 
specified  before  harvest.  Reforestation  can  be  improved  by  paying  greater  attention 
to  forest  type,  soil  series,  site  conditions,  and  differences  in  plant  communities 
when  selecting  harvest  method  and  reforestation  techniques. 

Keywords;  Regeneration  (stand),  regeneration  (natural),  regeneration  (artificial), 
clearcutting  systems,  partial  cutting,  stand  development,  Oregon  (Siskiyou  Moun- 
tains), southwestern  Oregon. 


Summary 


For  more  than  a  decade,  various  intensities  of  partial  cutting  have  been  used  in 
the  Siskiyou  Mountains  of  southwestern  Oregon  by  the  Bureau  of  Land  Manage- 
ment, U.S.  Department  of  the  Interior,  and  by  other  land  managers  to  foster 
establishment  of  natural  regeneration.  Difficulties  experienced  in  reforesting  some 
clearcuts  were  a  prime  reason  for  the  emphasis  on  partial  cutting.  This  paper  en- 
compasses the  second  half  of  a  comprehensive  study  undertaken  cooperatively  to 
evaluate  reforestation  results  obtained  on  the  Medford  District  from  both  clearcut- 
ting and  partial  cutting,  to  identify  influencing  variables  and  problems,  and  to 
recommend  improvements  in  silvicultural  practices. 


Stocking  levels,  composition  of  regeneration,  and  species  dominance  were  deter- 
mined from  data  collected  on  134  plots  randomly  located  in  partial  cuts  and  clear- 
cuts  logged  from  1956  to  1971  in  the  Applegate,  Evans,  and  Galice-Glendale  areas. 
Each  plot  consisted  of  twenty  4-milacre  (0.00162-ha)  subplots,  located  systematically 
in  a  2-acre  (0.8-ha)  grid.  Stocking  (occurrence)  data  were  also  sorted  into  en- 
vironmental groupings  and  subjected  to  correlation,  regression,  and  variance 
analyses  to  identify  significant  associations. 

Both  partial  cuts  and  clearcuts  in  the  Siskiyous  were  well  stocked  ^/   with  regenera- 
tion that  started  before  and  after  harvest  cutting.  Total  stocking  varied  somewhat 
among  the  Applegate,  Evans,  and  Galice-Glendale  areas,  but  averaged  81  percent 
in  partial  cuts  and  77  percent  in  clearcuts.  In  partial  cuts,  advance  regeneration 
comprised  40  to  65  percent  of  the  total  stocking.  Clearcuts  had  more  regeneration 
that  started  after  harvesting  than  did  partial  cuts;  clearcuts  averaged 
71  percent  subsequent  stocking  versus  56  percent  for  partial  cuts. 


^'Compared  to  a  full  stocking  of  250  uniformly  distributed  trees 
per  acre  (618  per  fia). 


Survey  results  indicated  that  94  percent  of  the  acreage  partially  cut  in  the  Siskiyou 
part  of  the  Medford  District  between  1956  and  1971  was  stocked  at  the  50-percent 
level  or  higher;  nearly  half  the  acreage  was  at  the  90-percent  level  or  higher.  About 
90  percent  of  the  acreage  clearcut  between  1956  and  1971  also  was  stocked  at  the 
50-percent  level  or  higher;  70  percent  of  the  clearcut  acreage  had  a  stocking  level 
of  70  percent  or  higher. 

Douglas-fir  {Pseudotsuga  menziesii  (Mirb.)  Franco)  predominated  among  advance 
and  subsequent  regeneration  in  both  partial  cuts  and  clearcuts.  Incense-cedar 
{Libocedrus  decurrens  Torr),  sugar  pine  {Pinus  lambertiana  Dougl.),  and  true  firs 
{Abies  sp.)  were  commonly  present  in  partial  cuts,  whereas  ponderosa  pine  (Pinus 
ponderosa  Dougl.  ex  Laws.)  was  the  second  most  common  species  in  clearcuts. 
Advance  regeneration  was  dominant  in  over  half  of  the  stocked  subplots  in  partial 
cuts  and  in  about  20  percent  of  the  stocked  subplots  in  clearcuts.  Two  or  more 
species  were  present  on  51  percent  of  all  stocked  4-milacre  (0.001 62-ha)  subplots. 

The  Applegate,  Evans,  and  Galice-Glendale  areas  have  such  features  in  common 
as  a  substantial  range  in  elevation,  a  well-dissected  terrain,  mostly  moderate  to 
deep  soils,  and  similar  growing  seasons  and  temperature  patterns.  All  three  are 
inland  areas  that  bear  some  rain  shadow  effects  from  adjacent  higher  ridges  and 
peaks.  The  Galice-Glendale  area  is  closest  to  the  coast  and  receives  the  most 
precipitation,  even  though  the  Applegate  cutovers  average  highest  in  elevation. 
Residual  overstory  in  partial  cuts  averaged  about  50  percent  canopy.  About  two- 
thirds  of  the  soil  surface  had  been  disturbed  in  clearcuts,  about  half  in  partial  cuts. 
Woody  perennials  were  the  dominant  ground  cover  on  94  percent  of  the  plots 
sampled. 

Average  stocking  differed  significantly  by  forest  type,  soil  series,  soil  origin,  soil 
depth,  geographical  location,  and  stream  drainage.  In  partial  cuts,  average  stocking 
was  less  in  the  Douglas-fir  forest  type  than  in  the  sugar  pine  type,  but  the  reverse 
order  prevailed  in  clearcuts.  Stocking  tended  to  be  higher  than  average  on  soils  of 
granitic  origin  and  lower  than  average  on  soils  of  volcanic  origin.  Stocking  in  clear- 
cuts  was  highest  on  the  deepest  soils  but  did  not  differ  significantly  between  soils 
of  shallow  depth  and  those  of  medium  depth.  Total  stocking  in  both  partial  cuts 
and  clearcuts  averaged  highest  in  the  western  part  of  the  territory  and  somewhat 
lower  but  variable  in  ranges  farther  inland.  Partial  cuts  in  small  drainages  that  flow 
directly  into  the  middle  section  of  the  Rogue  River  had  the  highest  total,  advance, 
and  subsequent  stocking.  Stocking  in  clearcuts  was  highest  in  the  west  fork  of  the 
Cow  Creek  drainage  and  lowest  in  the  Applegate  River  drainage. 

Stocking  correlated  with  an  array  of  environmental  variables  that  differed  for  partial 
cuts  and  clearcuts  and  for  the  Applegate,  Evans,  and  Galice-Glendale  areas.  Cor- 
relations based  on  stocking  data  from  individual  areas  accounted  for  the  most  vari- 
ation, those  based  on  forest  types  were  second,  and  those  based  on  the  geo- 
graphic areas  combined  were  lowest.  In  both  partial  cuts  and  clearcuts,  stocking 
usually  decreased  as  slope  increased;  as  amount  of  seedbed  covered  with  logs, 
wood,  and  bark  increased;  and  as  the  cover  of  woody  perennials  increased.  Higher 
stocking  was  generally  but  not  always  associated  with  greater  precipitation.  Stock- 
ing in  partial  cuts  was  higher  on  slopes  most  exposed  to  the  sun  and  in  clearcuts 
on  slopes  least  exposed  to  the  sun.  Regression  equations  were  calculated  that 
describe  present  stocking  patterns,  and  other  equations  predict  future  stocking 
based  on  variables  that  can  be  observed  or  specified  before  harvest. 


Evidence  from  the  sampled  cutovers  clearly  demonstrates  that  regeneration  can  be 
established  successfully  following  either  partial  cutting  or  clearcutting.  Substantial 
stocking  can  often  be  achieved,  particularly  in  partial  cuts,  by  just  saving  advance 
regeneration  plus  relying  on  accretion  from  natural  regeneration  that  starts  subse- 
quent to  logging.  Limited  evidence  indicates  that  clearcuts  in  selected  areas  could 
be  regenerated  by  broadcast  seeding.  The  most  positive  reforestation  approach 
following  both  clearcutting  and  partial  cutting  is  to  plant  promptly  and  provide  the 
young  stand  with  sufficient  protection  from  animals  and  enough  freedom  from  com- 
peting vegetation  for  quick  development.  Certainty  of  success  can  be  enhanced  by 
paying  close  attention  to  local  conditions — geographic  area,  forest  type,  soil  series, 
aspect,  plant  community,  and  seedbed  disturbance— when  preparing  the  reforesta- 
tion prescription,  reforesting  promptly,  and  tending  the  developing  stand  on  a  timely 
basis. 

If  shelterwood  is  the  chosen  silvicultural  system,  much  can  be  done  to  achieve 
maximum  effectiveness  from  its  application  in  nonuniform  virgin  stands.  A  thorough 
preharvest  assessment  of  the  site  and  existing  stand  must  be  coupled  with  flexibili- 
ty in  the  amount  and  timing  of  overstory  removal.  The  level  of  harvest  should  foster 
survival  and  growth  of  advance  regeneration  as  well  as  the  prompt  establishment 
of  additional  regeneration.  Density  control  of  both  advance  and  subsequent  regen- 
eration is  needed.  The  foremost  issues  requiring  research  include  determining 
where  shelterwood  is  truly  needed,  how  much  overstory  to  leave,  and  how  much 
competing  vegetation  can  be  tolerated. 
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Conifer  forests  in  southwestern  Oregon  grow  on  a  diversity  of  sites  and  contain  a 
variable  mix  of  species.  Common  obstacles  to  the  reestablishment  of  conifers  after 
timber  harvest  include  intense  radiation,  high  temperatures,  summer  drought, 
periodic  seed  crops,  and  competing  vegetation.  Success  of  reforestation  is  variable, 
and  the  locations  and  conditions  where  tree  establishment  is  easy  or  difficult  are 
inadequately  identified. 

In  the  early  1960's,  the  primary  method  of  timber  harvest  used  by  the  Medford 
District  of  the  Bureau  of  Land  Management  (BLM),  U.S.  Department  of  the  Interior, 
shifted  from  clearcutting  to  partial  cutting.  Difficulty  experienced  in  artificially 
reforesting  some  clearcuts  was  a  key  reason  for  changing  cutting  practices.  It  was 
believed  the  environment  provided  by  a  partial  overstory  would  permit  ready 
establishment  of  natural  regeneration.  But  this  premise  required  confirmation. 

After  sufficient  time  had  elapsed  to  permit  establishment  of  regeneration,  the 
Pacific  Northwest  Research  Station  and  the  Oregon  State  Office  of  BLM  jointly 
undertook  an  evaluation  of  reforestation  on  the  Medford  District.  The  study  had  two 
primary  objectives:  (1)  to  evaluate  in  depth  the  results  of  reforestation  efforts  and 
(2)  to  develop  improved  silvicultural  guidelines  for  establishing  conifer  regeneration 
in  southwestern  Oregon.  Information  developed  for  Dead  Indian  and  Butte  Falls, 
the  eastern  parts  of  the  Medford  District,  was  published  as  Research  Paper 
PNW-284,  "Regeneration  Outlook  on  BLM  Lands  in  the  Southern  Oregon  Cas- 
cades" (Stein  1981).  This  report  summarizes  comparable  information  obtained  in 
1974-76  field  surveys  of  cutovers  located  in  three  geographic  areas  called,  for  con- 
venience, Applegate,  Evans,  and  Galice-Glendale;  these  are  the  western  or 
Siskiyou  Mountain  parts  of  the  Medford  District  (fig.  1). 
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Figure  1— The  Appiegate,  Evans,  and  Galice-Glendale  areas  are 
located,  respectively,  to  the  south,  northeast,  and  northwest  of 
Grants  Pass,  Oregon. 
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Survey  Methods 


Survey  methods  were  designed  to  answer  these  specific  questions: 


Of  the  area  cut  over  in  the  1956-71  period,  what  portion  is  now  at  least  30,  50, 

70,  and  90  percent  restocked? 

What  is  the  composition  of  the  stocking? 

a.  Percent  of  area  stocked  by  individual  species? 

b.  Percent  of  stocked  area  dominated  by  each  species? 

c.  Comparative  stocking  by  seedlings  of  preharvest  and  postharvest  origin? 

d.  Portion  of  total  stocking  naturally  established  or  artificially  established? 
Does  stocking  vary  with  changes  in  observed  environmental  variables? 
What  are  the  major  regeneration  problems? 


5.  Where  are  the  chief  problem  areas? 


Sample  Selection 


Sample  plots  were  located  randomly  within  BLM  acreages  clearcut  or  partially  cut 
in  the  Applegate,  Evans,  and  Galice-Glendale  areas  during  1956-71.  Separately  for 
each  geographic  area,  cutovers  were  identified  by  section  subdivisions,  the  forties 
(40  acres,  a  sixteenth  of  a  section),  in  which  they  occurred.  Primarily  from 
photomap  information,  separate  lists  were  compiled  of  all  BLM  forties  in  which 
areas  of  10  or  more  contiguous  acres  had  been  partially  cut  or  clearcut.  If  a  forty 
contained  at  least  one  clearcut  and  one  partial  cut  of  10  or  more  acres,  it  was 
entered  in  both  lists.  All  forties  with  sufficient  cutting  were  listed,  including  those 
where  cutting  status  or  system  were  in  doubt. 


After  candidate  forties  had  been  numbered  consecutively,  tentative  samples  were 
selected  by  using  a  table  of  random  numbers.  Randomly  chosen  coordinates 
designating  the  exact  location  of  the  sample  point  (plot)  in  chains  north  and  east  of 
the  southwest  corner  were  then  assigned  to  each  sample  forty.  When  the 
designated  sample  point  did  not  occur  within  cutover  acreage,  the  sample  was  re- 
jected. In  successive  random  selections,  a  harvest  unit  within  a  forty  might  be 
sampled  more  than  once  (sampling  with  replacement),  each  time  at  a  point 
designated  by  a  new  set  of  randomly  chosen  coordinates. 

These  selection  procedures  resulted  in  a  generous  listing  of  forties  and  a  conse- 
quent high  rejection  rate  when  sample  points  were  located  in  uncut  areas,  in  clear- 
cuts,  or  did  not  meet  other  criteria,  such  as  time  since  harvest.  Rejections  in  the 
three  geographic  areas  were  largely  for  the  same  reasons,  so  the  tally  was  com- 
bined. Disposition  of  the  first  319  candidate  samples  in  partial  cuts  was  as  follows: 


Plots 


Percent 


Sampled 

Rejected: 
Uncut 

Natural  openings  or  scrub 
Cut  over  since  1971 
Cut  over  before  1956 
Clearcut 
Miscellaneous 


50.5 
2.5 
4.1 
1.9 

10.3 
3.4 


27.3 
72.7 


Total 


72.7 


100.0 


Plots  and  Subplots 


Among  the  first  182  candidate  samples  in  clearcuts,  25.8  percent  were  valid 
samples;  68.1  percent  were  rejected  because  the  sample  point  was  located  in  an 
uncut  or  partially  cut  stand;  and  6.1  percent  were  rejected  for  age  of  the  cutover 
or  for  other  reasons. 

Sample  plots  were  found  by  hand  compass  and  pacing.  A  land  survey  corner  or 
section  line  marker  at  roadside  was  the  usual  starting  point;  but  occasionally  an 
identified  road  intersection,  ownership  boundary,  or  distinct  geographic  feature  was 
used. 


On  each  qualifying  2-acre  (0.8-ha)  sample  plot,  five  circular  4-milacre  (1/250-acre; 
0.001 62-ha)  subplots  were  located  at  1 -chain  (66-ft;  20.1-m)  intervals  along  each  of 
four  gridlines.  The  first  line  of  the  grid  was  extended  northward  from  the  beginning 
point,  and  adjacent  lines  were  spaced  1  chain  apart  to  the  east.  The  beginning 
line  of  the  grid  was  rotated  to  other  cardinal  directions  starting  with  east  when  this 
was  necessary  to  place  the  grid  within  the  cutting  unit.  If  a  subplot  was  clearly  un- 
suited  for  establishment  of  regeneration,  it  was  not  sampled.  The  affected  gridline 
was  then  extended  a  chain  in  the  direction  of  travel  to  provide  a  replacement 
subplot. 

A  subplot  was  considered  unsuited  for  regeneration  establishment  if  any  of  these 
conditions  prevailed  on  more  than  half  its  area: 

1.  Streambed  up  to  normal  high  waterlines. 

2.  Permanent  marsh,  swamp,  or  meadow. 

3.  Road  used  since  1971. 


Data  Collected 


4.  Gravel  pit  used  since  1971. 

5.  Solid  rock,  stump,  or  live  tree  stem. 

6.  Area  of  deep,  active  erosion. 

Subplots  were  rejected  on  only  24  of  the  134  plots  sampled.  In  total,  42  of  2,680 
subplots  were  rejected,  or  1.6  percent.  Occurrence  of  the  subplot  on  an  actively 
used  road  was  the  cause  for  all  but  14  rejections. 

Each  subplot  was  thoroughly  searched  for  seedlings.  Stocking  (occurrence  of  at 
least  one  seedling  per  plot)  was  determined  for  each  species,  but  a  count  for  total 
number  was  not  made.  When  1/250-acre  (0.001 62-ha)  subplots  are  used,  observed'i 
stocking  is  based  on  a  full  stocking  of  250  uniformly  distributed  trees  per  acre  (61JI 
per  ha).  Stocking  was  recorded  by  class  of  regeneration:  (1)  advance— healthy 
seedlings  and  saplings  up  to  8  inches  (20  cm)  in  diameter,  that  originated  before 
timber  harvest;  (2)  subsequent — healthy  seedlings  originating  after  one  or  more 
timber  harvests  and  2  or  more  years  old;  and  (3)  second-year— healthy  seedlings 
still  in  their  second  season  of  growth.  A  species  could  have  up  to  three  entries  pen 
subplot,  one  for  each  class.  Stocking  was  also  recorded  as  being  from  natural         ! 
seed  fall,  planting,  or  direct  seeding.  The  species  and  class  of  regeneration  most 
likely  to  become  dominant  on  the  subplot  because  of  size,  position,  and  com- 
petitive potential  were  also  noted. 


Environmental  variables  observed  on  each  subplot  were  aspect,  slope,  canopy, 
total  ground  cover,  dominant  ground  cover,  seedbed,  and  seed  source.  If  one 
variable — grass,  gopher  activity,  dense  canopy,  competing  vegetation,  etc. — was 
considered  a  primary  help  or  hindrance  to  establishment  of  regeneration  after 
timber  harvest,  it  was  also  noted.  Techniques  used  to  collect  and  sum  descriptive 
and  environmental  data  are  detailed  in  the  appendix,  page  70. 

Data  were  analyzed  by  several  methods  to  answer  the  various  regeneration  ques- 
tions. Stocking  data  were  summed  and  their  means  and  standard  errors  calculated 
to  ascertain  current  status  of  regeneration.  Regression,  correlation,  and  variance 
analyses  tested  relationships  between  stocking  level  and  various  environmental 
factors.  The  steps  involved  are  outlined  below;  details  are  given  with  the  results 
they  pertain  to. 

Stocking  data  for  each  sample  plot  were  summarized  by  counting  the  subplots 
stocked  by  any  species  and  by  each  species  of  advance,  subsequent,  and  second- 
year  regeneration.  Summary  tables  showing  total  and  other  stocking  classes  were 
compiled  individually  for  Applegate,  Evans,  and  Galice-Glendale  partial  cuts  and 
clearcuts.  Stocking  data  from  all  three  areas  were  also  combined  as  weighted 
averages  to  provide  a  broad  view  of  regeneration  status  in  the  Siskiyou  part  of  the 
Medford  District.  For  individual  geographic  areas,  plots  having  more  than  30-,  50-, 
70-,  or  90-percent  stocking  were  counted;  the  totals  were  expressed  as  a  percent- 
age of  plots  in  the  group;  and  confidence  limits  were  determined  for  the  resulting 
proportions  from  tables  prepared  by  Mainland  and  others  (1956).  Information  on 
species  composition,  dominance,  and  abundance  was  developed  similarly. 

Preparation  of  environmental  data  used  in  correlation  and  multiple  regression 
analyses  required  the  calculation  of  plot  averages  for  observed  variables  and  those 
obtained  from  external  sources.  Tests  for  association  between  independent  vari- 
ables and  the  stocking  per  plot  found  in  partial  cuts  or  clearcuts  were  made  for  the 
geographic  areas  individually  and  combined  for  all  three  by  means  of  the  SPSS 
stepwise  multiple  regression  computer  program  (Vogelback  Computing  Center, 
Northwestern  University,  version  8.0,  June  18,  1979).  Associations  between  some 
noncontinuous  (discrete)  independent  variables— forest  type,  soil  series, 
geographic  location,  etc. — and  plot  stocking  were  inferred  from  statistically 
demonstrated  and  observed  differences  among  groupings.  Differences  among 
stocking  means  representing  three  or  more  plots  per  grouping  were  tested  for 
significance  by  analysis  of  variance.  Duncan  Multiple  Range  Tests  (Duncan  1955) 
were  used  to  identify  specific  means  that  differed  significantly. 


stocking 


Stocking  data  for  plots  in  partial  cuts  and  in  clearcuts  were  summed  separately  to 
show  average  stocking,  proportion  of  acreage  stocked  to  a  given  level,  and 
stocking  by  individual  species.  Information  on  species  abundance  and  potential 
dominance  was  also  developed. 


Average  Stocking 


Both  partial  cuts  and  clearcuts  were  well  stocked  in  the  Applegate,  Evans,  and 
Galice-Glendale  areas.  ?/   Total  stocking  varied  somewhat  among  areas,  but 
averaged  80.8  ±  1 .9  percent  in  partial  cuts  and  76.7  ±  2.8  percent  in  clearcuts 
(table  15,  appendix).  Total  stocking  ranged  widely,  from  30  to  100  percent  among 
both  partial  cuts  and  clearcuts. 


After  logging,  the  amount  of  advance  regeneration  was  substantial  in  partial  cuts: 
It  averaged  40-percent  stocking  in  the  Applegate  area,  52  percent  in  the  Evans 
area,  and  65  percent  in  the  Galice-Glendale  area  (fig.  2,  and  table  15,  appendix). 
The  stocking  present  on  individual  plots  ranged  from  0  to  100  percent.  Advance 
regeneration  constituted  just  over  half  the  total  stocking  in  Applegate  partial  cuts, 
65  percent  in  Evans  partial  cuts,  and  75  percent  in  Galice-Glendale  partial  cuts. 
Advance  regeneration  constituted  a  highly  important  component  of  total  stocking  in 
partial  cuts  because  of  the  amount  present  and  the  size  of  the  trees  (fig.  3). 


^'Stocking  classes,  as  defined  by  the  Pacific  Northwest  Seeding 
and  Planting  Connmittee  (Reynolds  and  others  1953);  well 
stocked,  70-100  percent;  moderately  stocked,  40-69;  poorly 
stocked,  10-39;  and  nonstocked,  0-9. 
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Figure  2— Regeneration  in  partial  cuts,  by  class.  Data  are  not 
additive  because  more  than  one  class  of  regeneration  was  found 
on  many  subplots. 


Figure  3. — Regeneration  established  before  logging  constituted 
from  50  to  75  percent  of  total  stocking  in  partial  cuts  (Douglas-fir 
and  true  fir  advance  regeneration  are  prominent  m  the  center  of 
the  picture) 


Advance  regeneration  was  also  present  in  quantity  in  clearcuts  and  averaged  25 
percent  of  total  stocking  (fig.  4,  and  table  15,  appendix).  The  amount  present  on 
individual  plots  ranged  from  0  to  90  percent.  About  3  of  every  4  clearcuts  in  tne 
Applegate  area  had  some  advance  stocking;  in  the  Evans  area  4  of  5  did,  and  in 
Galice-Glendale  9  of  10  had  some  advance  stocking. 


Partial  cuts  in  all  three  areas  were  moderately  stocked  with  regeneration  that 
established  after  logging.  Stocking  of  subsequent  regeneration  averaged  55.7 
±2.3  percent  (figs.  2  and  5,  and  table  15,  appendix).  Subsequent  stocking  on  in- 
dividual plots  ranged  from  10  to  100  percent.  Postlogging  regeneration  constituted 
from  64  to  76  percent  of  total  stocking  in  the  three  areas  if  such  regeneration  is 
considered  the  main  component  rather  than  a  subsidiary  component  of  total 
stocking. 
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Figure  4. — Regeneration  in  clearcuts,  by  class. 


Clearcuts  had  more  subsequent  regeneration  than  partial  cuts:  Stocking  averaged 
70.7  ±2.9  percent  (table  15,  appendix).  Those  in  the  Appiegate  area  qualified  as 
moderately  stocked  with  an  average  of  65  percent;  in  the  other  two  areas  they 
were  well  stocked  at  73  and  75  percent  (figs.  4  and  6).  Subsequent  stocking  on  in- 
dividual clearcuts  ranged  from  25  to  100  percent.  Postlogging  regeneration  con- 
stituted 92  percent  of  total  stocking  in  clearcuts  within  the  three  areas  if  subse- 
quent regeneration  is  considered  the  main  component  of  total  stocking. 

Only  limited  numbers  of  second-year  seedlings  were  found  in  partial  cuts  or  clear- 
cuts  (figs.  2  and  4,  and  table  15,  appendix).  These  were  not  tallied  as  part  of  total 
stocking  because  their  survival  through  two  full  growing  seasons  had  not  yet  been 
demonstrated.  Their  potential  for  increasing  total  stocking  was  very  low.  Second- 
year  seedlings  were  found  on  30  partial  cuts,  but  only  on  7  could  second-year 
seedlings  raise  stocking  by  5  percent;  on  one,  stocking  was  raised  by  15  percent, 
from  60  to  75  percent.  Second-year  seedlings  were  found  on  only  five  clearcuts, 
and  on  only  one  could  stocking  thereby  be  increased  by  5  percent.  The  primary  ef- 
fect of  the  continued  survival  of  second-year  seedlings  will  be  to  increase  numbers 
of  seedlings  on  subplots  that  are  already  stocked. 


Figure  5. — Partial  cuts  were  moderately  stocked  with  regenera- 
tion that  established  after  logging  (ponderosa  pine  to  the  left; 
Douglas-fir  to  the  left  and  right). 


Figure  6. — Many  clearcuts  were  well  stocked  with  subsequent 
regeneration,  which  averaged  71  percent  (primarily  Douglas-fir 
visible  in  an  Applegate  clearcut) 


stocking  Levels  The  proportion  of  plots  stocked  to  the  30-,  50-,  70-,  and  90-percent  levels  was 

determined  to  augment  information  on  average  stocking.  To  facilitate  presentation 
and  illustrate  significance  of  data  on  stocking  levels,  let  us  assume  that  50  percent 
is  the  dividing  line  between  acceptable  and  unacceptable  stocking.  Areas  less  than 
50-percent  stocked  might  then  be  viewed  as  requiring  additional  regeneration 
effort. 

Most  of  the  acreage  (94  percent)  partially  cut  in  the  Siskiyou  part  of  the  Medford 
District  between  1956  and  1971  meets  the  50-percent  or  better  stocking  level 
(fig.  7,  and  table  16,  appendix).  All  partial  cut  acreage  in  the  Evans  area  meets 
this  level,  96  percent  of  the  acreage  in  the  Galice-Glendale  area  does,  and  89  per- 
cent of  that  in  the  Applegate  area  does.  Three-fourths  of  the  partial  cut  acreage 
meets  or  exceeds  the  70-percent  stocking  level,  and  nearly  half  meets  or  exceeds 
the  90-percent  stocking  level. 

About  90  percent  of  the  acreage  clearcut  in  the  Siskiyou  part  of  the  Medford 
District  between  1956  and  1971  also  meets  the  50-percent  or  better  stocking  level 
(fig.  8,  and  table  16,  appendix).  At  the  50-percent  stocking  level,  there  is  little  dif- 
ference among  the  Applegate,  Evans,  and  Galice-Glendale  areas.  Seventy  percent 
of  the  acreage  clearcut  meets  the  70-percent  or  better  stocking  level,  but  there  are 
differences  among  areas;  Evans  has  the  highest  proportion  (93  percent)  stocked  at 
this  level,  and  the  other  two  areas  have  substantially  lower  proportions  (59  and  60 
percent).  Half  the  clearcut  acreage  in  the  Evans  and  Galice-Glendale  areas  meets 
or  exceeds  a  stocking  level  of  90  percent;  one-fourth  of  the  clearcut  acreage  in  the 
Applegate  area  does. 

Over  half  the  acreage  partially  cut  in  the  Siskiyou  part  of  the  Medford  District  be- 
tween 1956  and  1971  has  50-percent  or  better  stocking  of  advance  regeneration 
(table  17,  appendix).  The  proportion  varies,  however,  by  area;  it  is  about  one-third 
for  the  Applegate  area  and  two-thirds  for  Evans  and  Galice-Glendale.  In  the 
Galice-Glendale  area,  about  one  partial  cut  in  five  had  as  much  as  90-percent 
stocking  of  advance  regeneration.  Advance  regeneration  on  one-fourth  of  the  clear- 
cut  acreage  meets  or  exceeds  the  30-percent  stocking  level. 

About  two-thirds  of  the  acreage  partially  cut  in  the  Siskiyou  part  of  the  Medford 
District  between  1956  and  1971  has  50-percent  or  better  stocking  of  subsequent 
regeneration  (table  18,  appendix).  The  proportion  stocked  at  the  50-percent  level 
varies  little  among  the  three  areas.  About  30  percent  of  the  partially  cut  acreage 
meets  or  exceeds  the  70-percent  stocking  level,  but  only  10  percent  meets  or  ex- 
ceeds the  90-percent  level.  The  proportions  are  markedly  greater  for  clearcut 
acreage — 83  percent  meets  or  exceeds  the  50-percent  stocking  level  for  subse- 
quent regeneration,  nearly  60  percent  meets  or  exceeds  the  70-percent  level,  and 
one-fourth  of  the  acreage  is  90-percent  stocked  or  better.  There  is  also  less  varia- 
tion among  areas  in  the  proportion  of  clearcut  acreage  stocked  at  the  90-percent 
level  than  in  proportions  of  partial  cut  acreage  stocked  at  this  level. 
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Figure  7— Proportion  of  acreage  partially  cut  from  1956  to  1971 
that  was  30-,  50-,  70-,  or  90-percent  stocked  with  regeneration. 
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Figure  8— Proportion  of  acreage  clearcut  from  1956  to  1971  that 
was  30-,  50-,  70-,  or  90-percent  stocked  with  regeneration. 


Nearly  half  of  the  partial  cut  (45  percent)  and  clearcut  acreage  (51  percent)  is 
stocked  at  or  above  the  50-percent  level  with  subsequent  regeneration  of  the 
single  nnost  connmon  species,  Douglas-fir  (Pseudotsuga  menziesii  (Mirb.)  Franco) 
(table  19,  appendix).  Twenty-one  percent  of  the  partial  cut  acreage  and  32  percent 
of  the  clearcut  acreage  is  stocked  at  or  above  the  70-percent  level  with  subse- 
quent Douglas-fir.  Acreage  stocked  with  true  firs  {Abies  sp.),  the  second  most  com 
mon  species  to  establish  in  partial  cuts  after  logging,  was  minor  (table  20,  appen- 
dix). Twenty-three  percent  of  the  clearcut  acreage  was  stocked  at  the  50-percent 
level  or  higher  with  ponderosa  pine  {PInus  ponderosa  Dougl.  ex  Laws.). 

Stand  Composition  Many  native  conifers  and  hardwoods  were  found  on  the  plots  sampled.  The  most 

common  conifers  included  Douglas-fir,  true  firs,  ponderosa  pine,  sugar  pine  {Pinus 
lambertiana  Dougl.),  and  incense-cedar  {Libocedrus  decurrens  Torr.).  True  fir 
regeneration  was  not  identified  by  species;  it  varied  by  locality  and  included  white 
fir  {Abies  concolor  (Gord.  &  Glend.)  Lindl.  ex  Hildebr.),  grand  fir  {A.  grandis  (Dougl. 
ex  D.  Don)  Lindl.),  and  Shasta  red  fir  {A.  magnified  var.  shastensis  Lemm.).  Con- 
ifers found  in  lesser  quantities  and  not  distributed  universally  included  western 
hemlock  {Tsuga  heterophylla  (Raf.)  Sarg.),  Port-Orford-cedar  {Chamaecyparis 
lawsowniana  (A.  Murr.)  Pari),  Pacific  yew  {Taxus  brevifolia  Nutt.),  western  white 
pine  {Pinus  monticola  Dougl.  ex  D.  Don),  lodgepole  pine  {P.  contorta  Dougl.  ex 
Loud.),  Jeffrey  pine  (P.  jeffreyi  Grev.  &  Balf.),  knobcone  pine  (P.  attenuata  Lemm.), 
and  Brewer  spruce  {Picea  brewerana  Wats.). 

Large  hardwoods,  generally  found  in  minor  amounts,  included  Pacific  madrone 
{Arbutus  menziesii  Pursh),  California  black  oak  {Quercus  kelloggii  Newb.),  Oregon 
white  oak  (0.  garryana  Dougl.  ex  Hook.),  canyon  live  oak  (0.  chrysolepis  Liebm.), 
tan  oak  {Lithocarpus  densiflorus  (Hook.  &  Arn.)  Rehd.),  giant  chinkapin  {Castanop- 
sis  ctirysophylla  (Dougl.)  A.  DC),  western  serviceberry  {Ameiancliier  ainifolia  (Nutt.) 
Nutt.),  willow  {Salix  sp.),  bigleaf  maple  {Acer  macrophyllum  Pursh),  red  alder  {AInus 
rubra  Bong.),  Oregon  ash  {Fraxinus  latifolia  Benth.),  and  California  laurel 
{Umbellularia  californica  (Hook.  &  Arn.)  Nutt.). 

Most  of  the  hardwood  species  listed  above  were  common  components  of  the 
abundant  and  varied  competing  woody  vegetation.  Additional  widespread 
deciduous  brush  species  included  vine  maple  {Acer  circinatum  Pursh),  California 
hazel  {Corylus  cornuta  var.  californica  (A.  DC.)  Sharp),  Pacific  dogwood  {Cornus 
nuttallii  Audubon),  ocean-spray  {hiolodiscus  discolor  (Pursh)  Maxim.),  western 
snowberry  {Symphoricarpos  occidentalis  Hook.),  poison  oak  {Rtius  diversiloba  T.  & 
G.),  thimbleberry  {Rubus  parvlflorus  Nutt.),  and  trailing  blackberry  {Rubus  ursinus 
Cham.  &  Schlecht.).  Widespread  evergreen  brush  species  included  ceanothus 
{Ceanotfius  sp.),  manzanitas  {Arctostapfiylos  sp.),  Oregon  grape  {Berberis  sp.), 
salal  {Gaultheria  shallon  Pursh),  and  Pacific  rhododendron  {Rhododendron 
macrophyllum  G.  Don). 
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Figure  9— Average  stocking  by  species  in  Applegate,  Evans,  and 
Galice-Glendale  partial  cuts 


Douglas-fir  predominated  by  a  wide  margin  among  regeneration  in  partial  cuts 
(fig.  9,  and  table  21,  appendix).  Douglas-fir  was  present  on  4  of  every  5  (61.7 
-^  76.4  =  0.808)  stocked  subplots  in  the  Applegate  and  Evans  areas  and  on  9  of 
10  in  the  Galice-Glendale  area.  On  the  average,  true  firs,  five-needle  pines,  and 
incense-cedar  were  about  equally  common  and  occurred  on  approximately  one 
stocked  subplot  in  four  or  five,  but  each  species  was  more  prominent  than  the 
other  two  in  one  area — true  firs  in  Applegate,  incense-cedar  in  Evans,  and  five- 
needle  pines  in  Galice-Glendale.  Advance  or  subsequent  incense-cedar  occurred 
on  nearly  half  the  stocked  subplots  in  the  Evans  area.  Ponderosa  pine  and  hard- 
woods were  found  on  les,s  than  1  stocked  subplot  in  10.  Ponderosa  pine  was  most 
common  in  the  Evans  area,  and  hardwoods  were  most  common  in  the  Galice- 
Glendale  area. 

Douglas-fir  was  also  the  predominant  species  in  clearcuts;  it  was  present  on  7 
stocked  subplots  in  10  in  the  Applegate  and  Evans  areas  and  approached  9  in  10 
in  the  Galice-Glendale  area  (fig.  10,  and  table  21,  appendix).  Ponderosa  pine  was 
the  second  most  common  species  on  stocked  subplots  in  the  Applegate  and 
Evans  areas,  but  in  Galice-Glendale,  true  firs  and  five-needle  pines  shared  that 
position.  In  the  Evans  area,  ponderosa  pine  was  present  on  half  of  the  stocked 
subplots  and  incense-cedar  on  one  in  five.  True  firs  were  present  in  clearcuts  on 
one  stocked  subplot  or  less  in  five.  Hardwoods  were  most  common  in  Evans  clear- 
cuts;  they  were  present  on  about  one  stocked  subplot  in  seven. 
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Figure  10— Average  stocking  by  species  in  Applegate.  Evans, 
and  Galice-Glendale  clearcuts. 


The  predominant  species  among  advance  regeneration  in  both  partial  cuts  and 
clearcuts  was  Douglas-fir  (table  22,  appendix).  This  species  was  present  on  three 
of  every  five  subplots  stocked  with  advance  regeneration  in  the  Applegate  and 
Evans  partial  cuts  and  four  of  five  in  Galice-Glendale  partial  cuts.  Among  the 
limited  advance  stocking  in  clearcuts,  Douglas-fir  was  present  on  nearly  one 
stocked  subplot  of  three  in  Applegate  and  about  two  of  three  in  Evans  and  Galice- 
Glendale.  True  firs  were  second  most  common  among  advance  regeneration  in 
Applegate  partial  cuts  and  in  all  clearcuts,  but  were  exceeded  by  incense-cedar  in 
Evans  partial  cuts  and  by  five-needle  pines  in  Galice-Glendale  partial  cuts.  Ad- 
vance hardwood  regeneration  was  found  on  only  a  small  number  of  stocked 
subplots  in  partial  cuts  except  for  Galice-Glendale  where  it  occurred  on  nearly  one 
stocked  subplot  in  five.  Advance  hardwood  regeneration  was  not  found  on  Apple- 
gate  or  Galice-Glendale  clearcuts  and  was  present  in  only  minor  quantities  on 
Evans  clearcuts.  In  both  partial  cuts  and  clearcuts,  advance  regeneration  included 
a  variety  of  species. 

Douglas-fir  was  also  by  far  the  most  common  species  of  subsequent  regeneration 
in  all  cutovers  except  the  Evans  clearcuts;  it  occurred  on  four  of  every  five  sub- 
plots stocked  with  subsequent  regeneration  (table  23,  appendix).  In  Evans  clear- 
cuts,  subsequent  Douglas-fir  and  ponderosa  pine  occurred  on  three  of  every  five 
stocked  subplots.  True  firs  were  the  second  most  common  subsequent  regenera- 
tion in  Applegate  partial  cuts;  they  were  nearly  as  common  as  incense-cedar  in 
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Evans  partial  cuts  and  were  exceeded  by  five-needle  pines  in  Galice-Glendale 
partial  cuts.  Ponderosa  pine  was  the  second  most  comnnon  subsequent  regenera- 
tion in  Applegate  and  Evans  clearcuts,  but  was  exceeded  by  five-needle  pines  and 
true  firs  in  Galice-Glendale  clearcuts.  Hardwoods  that  established  after  logging 
were  found  on  about  1  stocked  subplot  in  7  in  Evans  clearcuts  and  on  less  than  1 
in  10  stocked  subplots  in  other  clearcuts  and  in  partial  cuts.  As  with  advance 
regeneration,  a  variety  of  species  was  represented  in  the  subsequent  regeneration. 

Annong  second-year  seedlings,  stocking  of  Douglas-fir  also  predominated,  except 
in  Evans  partial  cuts  where  occurrence  of  incense-cedar  was  greater  (table  24,  ap- 
pendix). Because  stocking  of  second-year  seedlings  was  low,  especially  in  clear- 
cuts,  few  trends  in  species  composition  are  evident.  Older  seedlings  of  several 
hardwood  species  were  present,  but  no  second-year  seedlings  were  found. 

As  a  proportion  of  stocking  by  all  species  in  the  Applegate  and  Evans  partial  cuts, 
Douglas-fir  and  ponderosa  pine  were  more  abundant  among  subsequent  regenera- 
tion than  they  were  among  advance  regeneration,  and  true  firs,  incense-cedar,  and 
five-needle  pines  were  less  abundant  (tables  22  and  23,  appendix).  In  Galice- 
Glendale  partial  cuts,  species  representation  as  a  proportion  of  advance  and 
subsequent  regeneration  was  the  reverse  of  the  other  two  areas  for  ponderosa 
pine  and  incense-cedar,  about  equivalent  for  Douglas-fir  and  true  firs,  and  re- 
mained the  same  for  five-needle  pines.  On  clearcuts,  Douglas-fir  and  ponderosa 
pine  were  represented  as  a  higher  proportion  of  subsequent  stocking  than  of  ad- 
vance stocking,  and  true  firs  were  the  reverse.  Five-needle  pine  and  incense-cedar 
representation  as  a  proportion  of  advance  and  subsequent  stocking  on  clearcuts 
was  not  consistent  among  areas. 

Dominance  Future  composition  of  the  developing  stand  may  be  more  closely  related  to  the 

classes  of  regeneration  or  species  that  now  dominate  stocked  subplots  than  to  the 
number  of  subplots  on  which  each  class  or  species  occurs.  For  this  reason,  the 
class  of  regeneration  and  the  species  dominant  on  each  subplot  were  tabulated. 
Second-year  seedlings  were  included  as  these  represent  potential  when  nothing 
older  already  dominates  the  subplot. 

Advance  regeneration  dominated  over  half  the  stocked  subplots  in  partial  cuts  and 
about  20  percent  in  clearcuts  (fig.  11).  Specifically,  advance  regeneration  domi- 
nated 50  percent  of  the  stocked  subplots  in  Applegate  partial  cuts,  62  percent  in 
Evans,  and  66  percent  in  Galice-Glendale.  Advance  regeneration  dominated  17, 
1 1  18,  and  24  percent  of  the  stocked  subplots  in  the  Applegate,  Galice-Glendale,  and 

Evans  clearcuts,  respectively.  Nearly  all  other  stocked  subplots  were  dominated  by 
subsequent  stocking  because  subplots  that  contained  only  second-year  seedlings 
were  sparse. 

Douglas-fir  was  the  dominant  species  of  regeneration  in  partial  cuts  and  in  clear- 
cuts  except  in  the  Evans  area  (fig.  12).  Douglas-fir  dominance  ranged  from  35  per- 
cent of  the  stocked  subplots  in  Evans  clearcuts  to  72  percent  in  Galice-Glendale 
partial  cuts.  Ponderosa  pine  dominated  a  substantial  number  of  subplots  in  Evans 
clearcuts  (42  percent)  and  in  Applegate  clearcuts  (20  percent).  Dominance  on  the 
rest  of  the  stocked  subplots  was  shared  among  several  species  and  varied  among 
areas. 
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Figure  11. — Advance  regeneration  dominated  more  than  half  of 
the  stocked  subplots  in  partial  cuts. 
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Figure  12— Douglas-fir  was  dominant  on  a  majority  of  stocked 
subplots. 


Species  Abundance 


In  this  survey,  the  presence  or  absence  of  seedlings  was  determined  rather  than 
the  total  nunnber.  Because  each  subplot  was  searched  for  individual  species, 
however,  sonne  insight  on  stand  mixtures  can  be  gained  from  the  stocking  data. 


Species  mixtures  were  common  in  all  areas,  but  their  makeup  differed  somewhat 
by  area  and  harvest  method.  More  than  half  the  stocked  subplots  in  Applegate 
partial  cuts  and  Applegate  and  Galice-Glendale  clearcuts  contained  a  single 
species;  elsewhere,  a  majority  of  subplots  contained  more  than  one  species 
(table  1).  About  one-third  of  all  stocked  subplots  contained  two  species  and  16  per- 
cent contained  three  or  more  species  (fig.  13).  Up  to  six  species  were  found  on 
single  subplots  in  Evans  clearcuts  and  partial  cuts.  Widespread  intermixture  of 
species  provides  opportunities  for  flexible  management  of  the  developing  stand. 

Presence  of  more  than  one  species  also  provides  direct  evidence  that  many 
subplots  were  stocked  with  more  than  one  tree.  Combining  data  from  all  cutovers 
sampled,  51  percent  of  the  stocked  subplots  had  more  than  one  conifer  species. 
The  percentage  of  subplots  that  had  more  than  one  conifer  of  any  species  was 
undoubtedly  much  higher. 
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Table  1— Number  of  species  per  stocked  subplot  In  partial  cuts  and 
clearcuts 


Geographic  area 

Species  per 
subplot 

Applegate 

Evans 

Galice- 
Glendale 

-  -  -  - 

Percent 

of  stocked  su 
PARTIAL  CUTS 

ibplots 

-  -  -  - 

1 
2 
3 
4 
5 
6 

53.6 

33.5 

8.6 

4.1 

.2 

0 

41.1 

33.9 

19.1 

4.7 

1.0 

.2 

100.0 

42.5 
41.1 
14.7 

1.3 
.4 

0 

Total 

100.0 

100.0 

CLEARCUTS 

1 
2 
3 
4 
5 
6 

61.8 
29.3 

8.0 
.9 

0 

0 

100.0 

43.8 

35.9 

14.3 

4.8 

.8 

.4 

100.0 

58.9 

27.9 

12.8 

.4 

0 

0 

Total 

100.0 

18 


Figure  13. — At  least  two  species  were  found  on  51  percent  of  all 
stocked  subplots  (ponderosa  pine  in  foreground,  Douglas-fir  in 
background). 
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Environmental 
Relationships 


Regeneration  survey  objectives  included  a  search  for  covariation  of  environmental 
factors  and  seedling  stocking  and  the  identification  of  problem  areas.  Two  kinds  of 
analysis  were  used:  (1)  a  comparison  of  means  by  analysis  of  variance  after  stock- 
ing data  were  sorted  on  the  basis  of  discontinuous  environmental  variables  such 
as  forest  type  and  soil  series;  and  (2)  correlation  and  regression  analyses  testing 
for  associations  between  plot  stocking  and  independent  environmental  variables  of 
a  continuous  nature— for  example,  elevation,  slope,  and  canopy.  Environmental  in- 
formation obtained  for  the  three  areas  is  presented  before  results  of  the  two  types 
of  analysis  are  given. 

Environments  in  the  Applegate,  Evans,  and  Galice-Glendale  areas  differ  in  several 
important  respects.  The  nature  of  the  forests  and  associated  vegetation  reflect 
these  differences,  but  a  systematic  comparison  of  environmental  factors  as  deter- 
mined for  sample  plots  more  clearly  brings  out  extent  of  the  differences. 


Geographic 
Characteristics 


Geographic  location  relative  to  influencing  climatic  and  topographic  features  is  one 
of  the  foremost  differences  among  the  areas.  Most  of  the  Applegate  and  Evans 
areas  are  located  farther  inland  than  is  the  Galice-Glendale  area  (fig.  1).  The  Ap- 
plegate area  comprises  northerly  approaches  to  high  peaks  of  the  Klamath  Moun- 
tains. In  this  position,  the  Applegate  area  has  drainages  flowing  primarily  north- 
westerly to  the  Rogue  River  and  is  bounded  by  higher  mountains  to  the  west, 
south,  and  east.  The  Evans  area,  located  north  and  east  of  the  Applegate  area, 
has  the  inverse  pattern  with  most  drainages  flowing  south  or  west  to  the  Rogue 
River.  The  southerly  part  of  the  Galice-Glendale  area  is  drained  by  lower  reaches 
of  the  same  westerly  flowing  streams  as  the  Evans  area;  the  northerly  part  drains 
into  Cow  Creek,  which  turns  in  a  large  arc  from  southwestward  to  flow  northeast- 
ward into  the  South  Umpqua  River.  The  Evans  area  is  bounded  by  high  mountains 
on  the  west  that  are  located  in  and  beyond  the  Galice-Glendale  area  and  also  by 
high  mountains  to  the  north  and  east.  All  areas  include  valley  bottoms,  ridge  tops, 
and  mountain  peaks. 


Most  of  the  acreage  sampled  in  each  area  was  located  on  sloping,  dissected  ter- 
rain. Slopes  of  plots  averaged  46  percent  in  Applegate  and  Evans  partial  cuts  but 
only  33  percent  in  Galice-Glendale  partial  cuts  (table  2).  The  gentlest  slope  sampled 
in  partial  cuts  averaged  5  percent;  the  steepest,  75  percent.  Slopes  of  plots  in 
clearcuts  were  similar  to  those  in  partial  cuts  except  in  the  Galice-Glendale  area 
where  they  were  steeper,  averaging  41  percent  (table  3).  Slopes  ranged  from  10  to 
68  percent  among  plots  in  clearcuts. 

Plots  sampled  in  the  Applegate  area  were  at  somewhat  higher  elevations  than 
those  in  the  Evans  and  Galice-Glendale  areas  (tables  2  and  3).  The  average  eleva- 
tions of  sample  plots  in  Applegate,  Evans,  and  Galice-Glendale  partial  cuts  were, 
respectively,  3,047,  2,926,  and  2,537  feet  (929,  892,  and  773  m);  the  highest  plot 
was  located  at  4,400  feet  (1  341  m),  the  lowest  at  1,200  feet  (366  m).  For  the 
respective  areas,  plots  in  clearcuts  averaged  3,335,  2,613,  and  2,862  feet 
(1  017,  796,  and  872  m).  Among  clearcuts,  the  highest  plot  was  located  at  4,600 
feet  (1  402  m),  the  lowest  at  1,300  feet  (396  m). 
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Table  2— Physical  characteristics  of  sampled  areas 
in  partial  cuts 


Geographic  area 

Galice- 

Characteristic 

Applegate 

Evans 

Glendale 

Number  of  areas 

Drainage: 

Evans  Creek 

0 

14 

0 

Applegate  River 

12 

0 

0 

Mi  11  lams  Creek 

11 

0 

0 

Middle  Rogue 

3 

1 

9 

minois  River 

7 

0 

1 

Grave  Creek 

0 

3 

6 

East  Cow  Creek 

0 

0 

6 

West  Cow  Creek 

0 

0 

5 

Trail  Creek 

0 

4 

0 

Elk  Creek 

0 

3 

0 

Bear  Creek 

A 

-0 

-0 

Total 

35 

25 

27 

Predominant  aspect: 

SE  to  M 

5 

16 

8 

NM  to  E 

30 

9 

19 

Soil  series:  1/ 

370 

8 

4 

2 

371 

2 

6 

6 

372 

3 

0 

2 

380 

2 

1 

4 

381 

0 

0 

6 

701 

0 

0 

1 

706 

0 

3 

0 

718 

9 

1 

0 

719 

2 

1 

2 

721 

2 

2 

3 

722 

2 

0 

0 

732 

0 

1 

0 

741 

0 

5 

0 

781 

3 

0 

1 

824 

1 

1 

0 

861 

1 

0 

0 

Radiation  index: 

Average 

.3969 

.4726 

.4433 

Range 

.2312-. 5294 

.2300-. 5810 
Feet 

.2576-. 5577 

Elevation:  2/ 

Average 

3,047 

2.926 

2,537 

Range 

1,540-4.400 

1.570-3.820 
Inches 

1,200-3.450 

Precipitation:  3/ 

. 

Average  annual 

34.7 

39.6 

62.4 

Range 

20-58 

18-54 
Percent 

38-99 

Slope: 

Average 

46.0 

45.7 

33.3 

Range 

5-72 

11-75 

9-61 

Seedbed  disturbance: 

Average 

43.9 

49.0 

48.3 

Range 

10-90 

20-80 

20-90 

1/  See  deMoulln  and  others  (1975)  for  descriptions  of  numbered  soil 
series. 

2/  To  convert  feet  to  meters,  multiply  by  0.305. 

3/  To  convert  inches  to  centimeters,  multiply  by  2.54. 
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Table  3— Physical  characteristics  of  sampled  areas  in 
clearcuts 


Geographic  area 

Galice- 

Characteristic 

Applegate 

Evans 

Glendale 

Number  of  areas 

Drainage: 

Evans  Creek 

0 

10 

0 

Illinois  River 

8 

0 

0 

Middle  Rogue 

0 

2 

8 

Applegate  River 

4 

0 

0 

East  Cow  Creek 

0 

0 

3 

West  Cow  Creek 

0 

0 

5 

wmiams  Creek 

3 

0 

0 

Elk  Creek 

0 

2 

0 

Grave  Creek 

JO 

_L 

_L 

Total 

15 

15 

17 

Predominant  aspect: 

SE  to  W 

3 

1 

8 

NW  to  E 

12 

14 

9 

Soil  series:  1/ 

370 

4 

1 

2 

371 

1 

3 

11 

372 

1 

0 

0 

380 

1 

0 

1 

381 

0 

0 

3 

712 

0 

2 

0 

718 

3 

0 

0 

719 

1 

1 

0 

721 

0 

3 

0 

722 

0 

3 

0 

731 

0 

1 

0 

741 

0 

1 

0 

824 

3 

0 

0 

861 

1 

0 

0 

Radiation  index: 

Average 

.4019 

.3972 

.4323 

Range 

.2958-. 5225 

.3064-. 5141 
Feet 

.2599-. 5786 

Elevation:  2/ 

Average 

3.335 

2.613 

2.862 

Range 

2,360-4.600 

1.880-3.720 
Inches 

1.300-4.040 

Precipitation:  3/ 

Average  annual 

40.3 

41  .3 

76.3 

Range 

22-58 

20-52 
Percent 

45-99 

Slope: 

Average 

44.3 

50.7 

41.4 

Range 

15-66 

19-67 

10-68 

Seedbed  disturbance: 

Average 

73.3 

67.7 

66.8 

Range 

35-95 

30-100 

5-100 
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1/  See  deMoulin  and  others  (1975)  for  descriptions  of  numbered 
soil  series. 

2/  To  convert  feet  to  meters,  multiply  by  0.305. 

3/  To  convert  inches  to  centimeters,  multiply  by  2.54. 


It  is  unlikely  that  the  length  of  growing  season  or  temperature  pattern  of  the  three 
areas  are  markedly  different.  The  largest  difference  in  average  elevation  for  plots 
sampled  in  the  three  areas  was  722  feet  (220  m),  but  even  this  difference  may  be 
mitigated  to  some  extent  as  the  highest  average  elevation  corresponds  with  the 
southernmost  area,  Applegate.  The  range  of  elevations  sampled  indicates  that 
plots  represented  hot,  low-elevation  sites  as  well  as  cooler,  higher  elevation  sites 
In  each  area.  Application  of  the  adiabatic  gradient  (5.6  °F  per  1,000  feet  or  1  °C 
per  100  m)  provides  some  insight  on  the  relative  temperatures  at  different  eleva- 
tions. When  summer  temperatures  register  100  °F  (38  °C)  in  the  shade  at  the 
1,300-foot  (396-m)  elevation  near  Medford,  temperatures  are  about  90  °F  (32  °C) 
at  3,000  feet  (914  m)  and  85  °F  (29  °C)  at  4,000  feet  (1  219  m). 

Limited  records  indicate  that  the  Galice-Glendale  area  receives  substantially  more 
precipitation  than  the  other  two  areas  receive  (tables  2  and  3).  As  extrapolated 
from  a  small-scale  isohyet  map,  which  was  only  a  first  approximation  of  rainfall 
distribution  in  the  areas,  precipitation  averages  62  inches  (158  cm)  per  year  for  par- 
tial cuts  in  Galice-Glendale,  about  40  inches  (101  cm)  for  those  in  the  Evans  area, 
and  35  inches  (88  cm)  for  those  in  the  Applegate  area.  Precipitation  on  the  clear- 
cuts  sampled  is  somewhat  higher;  it  averages  76  inches  (194  cm)  in  Galice- 
Glendale,  41  inches  (105  cm)  in  Evans,  and  40  inches  (102  cm)  in  Applegate. 
Judged  by  data  for  plot  locations,  precipitation  ranges  from  38  to  99  inches  (97  to 
251  cm)  in  Galice-Glendale,  18  to  54  inches  (46  to  137  cm)  in  Evans,  and  20  to  58 
inches  (51  to  147  cm)  in  Applegate. 

Closer  proximity  to  the  coast  accounts  for  the  higher  precipitation  levels  in  the 
Galice-Glendale  area  than  in  the  other  two  areas.  Even  parts  of  the  Galice- 
Glendale  area  are,  however,  subject  to  rain  shadow  effects  because  the  area  is 
bordered  by  higher  peaks  on  the  south  and  west.  Rain  shadow  effects  probably 
influence  much  of  the  Applegate  and  Evans  areas  because  their  midelevation 
topography  is  bounded  by  higher  peaks. 

The  cutovers  sampled  were  unequally  distributed  by  aspect  (tables  2  and  3).  Twice 
as  many  partial  cuts  were  located  on  northerly  aspects  (NW  to  E)  as  on  southerly 
aspects  (SE  to  W).  Among  clearcuts,  the  proportion  was  3  to  1.  The  proportion 
varied  markedly  by  area,  however,  and  so  did  the  radiation  index  values,  which  are 
based  on  slope  and  aspect  combined.  For  example,  more  partial  cuts  in  the  Evans 
area  were  on  southerly  aspects  (higher  radiation  values)  than  on  northerly  aspects 
(lower  values),  and  the  radiation  index  averaged  higher  there  than  for  partial  cuts 
in  other  areas  or  for  clearcuts.  Partial  cuts  in  the  Applegate  area  and  clearcuts  in 
the  Evans  area  had  the  lowest,  and  equal,  average  radiation  index  values. 
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Sample  plots  in  all  three  areas  were  located  on  loam  soils  but  the  gravel  content, 
color,  and  depth  of  the  soils  vary  substantially: 


Surface 


Depth 


Series 


Texture 


Color 


Surface 


Total 


(Inches)^      (Inches)^ 


370 

Gravelly  loam 

Very  dark  grayish  brown 

8 

45 

371 

Gravelly  loam 

Very  dark  grayish  brown 

7 

35 

372 

Very  gravelly  loam 

Dark  yellowish  brown 

4 

18 

380 

Clay  loam 

Dark  brown 

9 

55 

381 

Gravelly  clay  loam 

Dark  reddish  brown 

7 

34 

701 

Very  gravelly  loam 

Brown 

4 

13 

706 

Clay  loam 

Dark  brown 

13 

36 

712 

Gravelly  clay  loam 

Brown 

5 

52 

718 

Very  gravelly  loam 

Dark  brown 

8 

34 

719 

Clay  loam 

Dark  reddish  brown 

9 

50 

721 

Sandy  loam 

Dark  yellowish  brown 

10 

30 

722 

Loam 

Dark  brown 

10 

65 

731 

Gravelly  loam 

Dark  reddish  brown 

8 

30 

732 

Very  gravelly  loam 

Brown 

4 

16 

741 

Loam 

Dark  reddish  brown 

10 

55 

781 

Loam 

Brown 

8 

34 

824 

Very  gravelly  loam 

Dark  brown 

8 

36 

861 

Sandy  loam 

Brown 

11 

34 

All  are  well-drained  except  series  706  and  712  which  are  rated  as  moderately  well 
drained,  and  721  and  861,  which  are  rated  as  excessively  well  drained.  Most  of  the 
soils  are  of  metamorphic  origin  but  four  are  of  volcanic  origin  (706,  731,  732,  and 
741)  and  three  are  of  granitic  origin  (721,  722,  and  861). 

Over  one-third  of  the  plots  in  partial  cuts  and  in  clearcuts  were  located  on  soils 
with  a  total  depth  of  45  inches  (114  cm)  or  greater  About  half  of  the  plots  were 
located  on  medium-depth  soils,  31  to  44  inches  (79  to  112  cm)  deep.  Only  16  per- 
cent of  the  plots  in  partial  cuts  and  11  percent  of  the  plots  in  clearcuts  were  on 
soils  30  inches  (76  cm)  deep  or  less.  The  proportion  of  plots  on  deep,  medium, 
and  shallow  soils  was  not  notably  different  among  the  three  geographic  areas. 

Soil  series  was  determined  from  District  soil  maps  (deMoulin  and  others  1975).  It  is 
likely,  but  not  absolutely  certain,  that  the  2-acre  (0.8-ha)  plot  sampled  at  each  loca- 
tion was  located  on  soil  typical  of  the  mapped  series. 

During  logging,  about  two-thirds  of  the  seedbed  surface,  on  the  average,  was  dis- 
turbed in  clearcuts  as  judged  by  evidence  still  visible  several  years  later  (table  3). 
Slightly  less  than  half  the  seedbed  surface  was  disturbed  in  partial  cuts  (table  2). 
Seedbed  disturbance  on  individual  clearcuts  ranged  from  5  to  100  percent;  for  par- 
tial cuts  from  10  to  90  percent.  The  average  amount  of  seedbed  disturbance  varied 
little  among  the  three  geographic  areas. 


^'See  footnote  3,  table  2. 
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Most  seedbed  disturbance  resulted  from  logging;  site  preparation  by  means  of 
slash  burning  was  limited.  Logs  on  about  half  of  the  clearcuts  in  each  geographic 
area  were  yarded  by  tractor,  on  the  other  half  by  cable  systems.  Cable  systems 
were  used  in  only  11  partial  cuts;  8  of  these  were  in  the  Applegate  area.  Slash  was 
burned  in  two  partial  cuts;  it  was  left  unburned  in  all  the  rest.  Slash  was  not 
burned  in  43  percent  of  the  clearcuts,  was  spot  burned  in  28  percent,  and  was 
broadcast  burned  in  the  rest.  All  three  options  were  used  in  each  geographic  area. 

Vegetation  Plots  sampled  in  the  three  geographic  areas  were  located  in  the  Douglas-fir,  sugar 

Characteristics  pine,  pine  mixture,  and  ponderosa  pine  forest  types.  Forest  type  at  each  plot  loca- 

tion was  determined  from  Forest  Survey  maps  prepared  in  the  1940's.  Thus,  the 
classification  antedates  any  compositional  changes  caused  by  logging.  For  study 
purposes,  the  mapped  subdivisions  of  each  type  were  not  kept  separate. 

In  both  partial  cuts  and  clearcuts,  sample  plots  were  located  predominantly  in  the 
Douglas-fir  type — four  times  out  of  five  (tables  4  and  5).  The  sugar  pine  type  was 
the  only  other  type  represented  by  an  appreciable  number  of  plots. 

On  the  average,  clearcuts  were  older  than  partial  cuts,  11  years  as  compared  to  7. 
Average  age  of  both  partial  cuts  and  clearcuts  was  highest  in  the  Evans  area  and 
lowest  in  the  Applegate  area.  By  design,  all  sample  areas  had  been  logged  at  least 
2  years  earlier  and  none  more  than  20  years  earlier. 

Overstory  canopy  in  Applegate,  Evans,  and  Galice-Glendale  partial  cuts  averaged, 
respectively,  48,  45,  and  53  percent  (table  4  and  fig.  14).  The  means  for  20  visual 
estimates  of  canopy  per  individual  plot  ranged  most  widely  in  Galice-Glendale,  from 
19  to  80  percent.  Scattered  residual  trees  were  sometimes  present  on  clearcuts, 
but  young  trees  and  shrubs  taller  than  waist  high  constituted  most  of  the  canopy 
that  ranged  from  7  to  89  percent  (table  5).  Clearcuts  in  the  Applegate  area  aver- 
aged the  least  canopy,  20  percent;  in  the  Evans  and  Galice-Glendale  areas,  clear- 
cuts  averaged  about  one-third  canopy. 

Total  ground  cover  was  somewhat  more  dense  in  clearcuts  than  in  partial  cuts; 
averages  were  58  vs.  52  percent  in  the  Applegate  area,  63  vs.  48  percent  in 
Evans,  and  76  vs.  59  percent  in  Galice-Glendale.  For  individual  plots,  the  amount 
of  ground  cover  ranged  from  18  to  93  percent  in  partial  cuts  and  from  26  to  88  per- 
cent in  clearcuts.  Woody  perennials  dominated  the  ground  cover  on  94  percent  of 
all  plots  (fig.  15);  herbaceous  cover  dominated  the  remainder. 

Over  90  percent  of  the  subplots  examined  in  partial  cuts  were  located  within  50 
feet  (15  m)  of  a  seed  tree;  but  in  clearcuts,  only  10  percent  were  within  50  feet  of  a 
seed  tree.  Douglas-fir  was  the  predominant  species  of  seed  tree  in  all  areas  and 
for  both  partial  cuts  and  clearcuts.  Incense-cedar  was  the  predominant  seed  tree 
on  5  plots,  true  firs  on  4,  and  a  mixture  of  other  conifers  on  12  plots.  On  four  of 
every  five  plots  examined  in  partial  cuts,  at  least  two  species  were  represented 
among  the  closest  seed  trees;  for  plots  in  clearcuts,  two  of  every  three. 


Table  4— Vegetative  characteristics  of  sampled  areas  in  partial  cuts 


Geographic  area 

Characteristic 

Applegate 

Evans 

Galice- 
Glendale 

Forest  type: 
Douglas-fir 
Sugar  pine 
Ponderosa  pine 
Pine  mixture 

28 
5 

1 
1 

Number  of  areas 

22 

1 
2 
0 

20 
7 
0 
0 

Total 


35 


25 


27 


Dominant  cover: 
Woody  perennial 
Herbaceous 

30 
5 

24 
1 

26 

1 

Main  seed  source: 
Douglas-fir 
Incense-cedar 
True  fir 
Other  species 

32 
0 
2 
1 

23 
2 
0 
0 

Years 

24 
0 
0 
3 

Time  since  harvest: 
Average 
Range 

6.1 
2-18 

8.9 
3-20 

Percent 

7.1 
4-18 

Canopy: 
Average 
Range 

48.0 
21-67 

44.7 
23-67 

52.9 
19-80 

Ground  cover: 
Average 
Range 

52.0 
27-77 

47.6 
21-76 

59.4 
18-93 

Seed  source 
within  50  feet: 
Average 
Range 

98.4 
85-100 

95.6 
70-100 

77.8 
30-100 

26 


Table  5— Vegetative  characteristics  of  sampled  areas  in  clearcuts 


Geographic   area 


Characteristic 


Applegate 


Evans 


Galice- 
Glendale 


Number  of  areas 


Forest  type: 
Douglas-fir 
Sugar  pine 
Pine  mixture 


14 
1 
0 


14 
0 
1 


10 
7 
0 


Total 


15 


15 


17 


Dominant  cover: 


Woody  perennial 
Herbaceous 

15 
0 

14 
1 

17 
0 

Main  seed  source: 
Douglas-fir 
True  fir 
Incense-cedar 
Other  species 

15 
0 
0 
0 

8 
1 
3 
3 

Years 

11 
1 
0 
5 

Time  since  harvest: 
Average 
Range 

8.9 
4-12 

12.3 
8-18 
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11  .8 
4-17 

Canopy: 
Average 
Range 

20.1 
7-38 

32.5 
11-61 

35.9 
11-89 
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Average 
Range 

57.9 
26-81 

63.3 
49-79 

76.2 
58-88 

Seed  source 
within  50  feet: 
Average 
Range 

4.3 
0-20 

23.7 
0-75 

4.1 
0-45 

Figure  14— Overstory  canopy  in  partial  cuts  averaged  about  50 
percent  but  varied  greatly  within  and  among  plots. 
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Figure  15— Woody  perennials  dominated  the  ground  cover  on  94 
percent  of  the  plots. 


itocking  by  Forest  Type 


Sample  plots  were  sorted  by  the  forest  types  in  which  they  occurred.  Stocking 
averages  for  the  four  classes  of  regeneration— all,  advance,  subsequent,  and 
second-year — were  then  determined  for  each  type,  cutting  method,  and  area.  Dif- 
ferences in  average  stocking,  among  means  that  were  based  on  three  or  more 
plots  per  type  and  area,  were  tested  for  significance  by  analysis  of  variance  and 
Duncan  Multiple  Range  Tests  (Duncan  1955).  Although  forest  types  are  not 
represented  by  an  equal  number  of  plots  and  some  groupings  have  insufficient 
data,  the  demonstrated  statistical  differences  and  the  consistency  of  various  dif- 
ferences provide  useful  insights. 


In  partial  cuts,  total  stocking,  advance  stocking,  and  subsequent  stocking  averaged 
significantly  lower  in  the  Douglas-fir  forest  type  than  in  the  sugar  pine  forest  type 
(table  6).  The  statistically  significant  differences  were  substantial,  13  to  21  percent, 
as  were  some  others  where  the  differences  did  not  quite  qualify  at  the  10-percent 
significance  level  (in  Applegate— advance  stocking  at  the  12-percent  significance 
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Table  6— Average  and  range  of  stocking  by  forest  type  in  Applegate,  Evans, 
and  Galice-Glendale  partial  cuts 


Sample 

Regenerati 

on  class 

1/ 

All 

Advance 

Subsec 

luent 

Second- 

-year 

Area  and 

forest  type 

plots 

Average 

Range 

Average 

Range 

Average 

Range 

Average 

Range 

Number 

Applegate: 

Douglas-fir 

28 

72.9b 

30-100 

36.6 

0-85 

55.5 

20-95 

2.3 

0-10 

Sugar  pine 

5 

94.0b 

85-100 

57.0 

25-80 

71.0 

55-95 

2.0 

0-5 

Ponderosa  pine 

1 

80.0 

— 

30.0 

— 

75.0 

— 

0 

— 

Pine  mixture 

1 

85.0 

— 

60.0 

— 

45.0 

— 

0 

— 

Total  or  average 

35 

76.4 

30-100 

40.0 

0-85 

58.0 

20-95 

2.1 

0-10 

Evans: 

Douglas-fir 

22 

79.8 

50-95 

51.1 

5-95 

50.7 

15-90 

3.4 

0-25 

Sugar  pine 

1 

90.0 

— 

70.0 

— 

65.0 

— 

20.0 

— 

Ponderosa  pine 

_1 

75.0 

60-90 

50.0 

40-60 

60.0 

50-70 

5.0 

0-10 

Total  or  average 

25 

79.8 

50-95 

51.8 

5-95 

52.0 

15-90 

4.2 

0-25 

Galice-Glendale: 

Douglas-fir 

20 

85. 8 

45-100 

63.8 

20-100 

53.8 

10-100 

5.8 

0-35 

Sugar  pine 

_2 

92.1 

65-100 

69.3 

35-95 

63.6 

35-75 

1.4 

0-5 

Total  or  average 

27 

87.4 

45-100 

65.2 

20-100 

56.3 

10-100 

4.6 

0-35 

Areas  combined: 

Douglas-fir 

70 

78.7c 

30-100 

48.9a 

0-100 

53.5a 

10-100 

3.6 

0-35 

Sugar  p1ne 

13 

92.7c 

65-100 

64.6a 

25-95 

66.5a 

35-95 

3.1 

0-20 

Ponderosa  pine 

3 

76.7 

60-90 

43.3 

30-60 

65.0 

50-75 

3.3 

0-10 

Pine  mixture 

J. 
87 

85.0 
80.8 

— 

60.0 
51.2 

— 

45.0 
55  7 

— 

0 
3.5 

— 

Total  or  average 

30-100 

0-100 

10-100 

0-35 

]_/   Means  followed  by  the  same  letter  differ  significantly — a,  at  10-percent  probability  level;  b, 
5-percent;  and  c,  1 -percent. 


level;  subsequent  stocking  at  the  14-percent  level).  Even  averages  for  individual 
areas  (where  statistical  significance  could  not  be  demonstrated)  consistently  sup- 
ported the  conclusion  that  stocking  was  greater  in  the  sugar  pine  forest  type.  No 
stocking  trends  were  indicated  by  the  sparse  amounts  of  second-year  seedlings  nor 
by  the  limited  data  for  the  ponderosa  pine  and  pine  mixture  forest  types. 

Stocking  levels  for  the  Douglas-fir  and  sugar  pine  types  were  generally  reversed  in 
clearcuts  relative  to  those  in  partial  cuts  stable  7):  stocking  in  the  Douglas-fir  type 
was  higher.  The  differences  in  total  stocking  and  subsequent  stocking  in  the 
Galice-Glendale  area  were  statistically  significant  at  the  10-percent  level;  total 
stocking  for  areas  combined  at  the  16-percent  level.  Pine  types  were  not 
represented  sufficiently  in  the  Applegate  and  Evans  areas  to  allow  meaningful 
comparisons. 

Even  though  there  were  demonstrated  statistical  differences  in  average  stocking 
among  forest  types  and  more  could  be  proved  at  probability  levels  over  10  percent, 
it  is  important  to  recognize  that  stocking  ranged  widely  among  plots  in  every  type 
(tables  6  and  7). 
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Table  7— Average  and  range  of  stocking  by  forest  type  in  Applegate,  Evans, 
and  Galice-Glendale  clearcuts 


Regeneration  class  y 


All  Advance       Subsequent      Second-year 


Area  and  Sample 

forest  type         plots   Average  Range    Average  Range    Average  Range    Average  Range 


Number   ------------  -Percent  stockinq- 


Applegate: 

Douglas-fir         14     69.3    30-100    15.0    0-40    62.9     30-95     1.1     0-5 
Sugar  pine  _1    90.0    2Z    _0 zz    90.0    ::::    0 ^^ 

Total  or  average   15     70.7    30-100    14.0    0-40    64.7     30-95     1.0     0-5 

Evans : 

Oouglas-fir  14     84.6    45-100    25.4    0-60    75.0     25-100    0 

Pine  mixture        J_  70.0    ^z    _2 zz.         70.0    2Z    Q _iz 

Total  or  average   15     83.7    45-100    23.7    0-60    74.7     25-100    0 

Galice-Glendale: 

Oouglas-fir         10     83.5a   60-100    22.0    0-90    79.0a    60-100    0  a 

Sugar  pine  _7     65.0a   35-100    17.9    0-80    63.6a    30-95     1 .4a     0-5 

Total  or  average   17     75.9    35-100    20.3    0-90    72.6     30-100     .6     0-5 

Areas  combined: 

Douglas-fir  38  78.7  30-100  20.7  0-90  71.6  25-100  0.4  0-5 

Sugar  pine  8  68.1  35-100  15.6  0-80  66.9  30-95  1.3  0-5 

Pine  mixture  J.  70.0  ^  _0 zz.  70.0  zz  Q ^z 

Total  or  average   47     76.7    30-100    19.4    0-90    70.7     25-100     .5     0-5 

1/  Means  followed  by  the  same  letter  differ  significantly — a,  at  10-percent  probability  level;  b, 
5-percent;  and  c,  1 -percent. 

itocking  by  Soil  Series       Sample  plots  were  sorted  by  soil  series,  and  the  stocking  averages  for  the  four 

classes  of  regeneration  were  then  determined  as  for  forest  type.  Sixteen  soil  series 
were  represented  among  plots  sampled  in  partial  cuts  and  14  in  clearcuts  (tables  8 
and  9).  Soil  series  370  and  371  were  common  to  all  three  geographic  areas  and  to 
both  partial  cuts  and  clearcuts.  Seven  other  series  were  common  to  more  than  one 
geographic  area. 

Total,  advance,  subsequent,  and  second-year  stocking  averages  differed  substan- 
\  tially  among  soil  series  in  partial  cuts,  and  a  number  of  the  differences  in  each 

stocking  category  proved  to  be  statistically  significant  (table  8).  A  simple  ranking  of 
the  means  for  data  from  all  areas  combined  showed  that  all  classes  of  stocking 
tended  to  be  average  or  below  on  soil  series  370,  371,  372,  and  706.  Stocking  for 
soil  series  380,  381,  701,  719,  and  722  tended  to  be  average  or  above  except  for 
second-year  seedlings.  Between  pairs  of  means  where  a  significant  difference  was 
demonstrated,  stocking  for  soil  series  370,  371,  372,  or  718  was  usually  the  low 
I  value  for  the  pair  and  stocking  for  series  380,  381,  719,  721,  or  781  the  high  value. 

Only  two  significant  differences  were  demonstrated  among  stocking  means  for  in- 
dividual areas  (soil  series  3"'0  vs.  741  and  371  vs.  741  for  second-year  stocking  in 
the  Evans  area).  Means  for  some  soil  series  do  not  show  a  consistent  relationship 
to  each  other  from  one  locality  to  another  nor  for  different  stocking  categories. 
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Table  8— Average  and  range  of  stocking  by  soil  series  in  Applegate, 
Evans,  and  Galice-Glendale  partial  cuts 
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Sample 

Regeneration 

class  1/ 

All 

Advance 

Subsequent 

Second-year 

Area  and 

soil  seri 

»s 

plots 

Average 

Range 

Average 

R3nge 

Average 

Range 

Average 

Range 

Number 

—  —  —  —  —  —  Popf 

ent  stoc 

kinn    -    -    -    - 

—  —  —     —     rci  l 

r-   1  HM 

Applegate 
370 

8 

75.6 

35-100 

44.4 

0-85 

53.1 

30-95 

3.1 

0-10 

371 

2 

50.0 

40-60 

27.5 

20-35 

30.0 

20-40 

0 

— 

372 

3 

51.7 

55-75 

16.7 

0-35 

50.0 

45-55 

1  .7 

0-5 

380 

2 

87.5 

85-90 

35.0 

25-45 

72.5 

70-75 

2.5 

0-5 

718 

9 

73.9 

30-95 

30.6 

10-70 

60.0 

25-90 

1  .1 

0-5 

719 

2 

87.5 

80-95 

50.0 

30-70 

67.5 

60-75 

0 

— 

721 

2 

95.0 

90-100 

77.5 

70-85 

70.0 

65-75 

2.5 

0-5 

722 

2 

97.5 

95-100 

72.5 

65-80 

57.5 

55-60 

0 

— 

781 

3 

71.7 

50-90 

26.7 

15-45 

63.3 

45-90 

3.3 

0-10 

824 

1 

95.0 

— 

45.0 

— 

95.0 

— 

10.0 

— 

861 

J_ 

75.0 

-- 

70.0 

— 

35.0 

— 

5.0 

— 

Total 

or 

35 

76.4 

30-100 

40.0 

0-85 

58.0 

20-95 

2.1 

0-10 

average 

Evans: 

370 

4 

85.0 

80-90 

53.8 

45-70 

57.5 

40-75 

0  a 

— 

371 

6 

75.0 

55-90 

54.2 

10-80 

40.0 

15-70 

1.7ai 

0-10 

380 

1 

90.0 

— 

75.0 

— 

65.0 

— 

0 

— 

706 

3 

75.0 

50-95 

58.3 

40-95 

45.0 

40-55 

3.3 

0-5 

718 

1 

90.0 

— 

5.0 

-- 

90.0 

— 

0 

— 

719 

1 

80.0 

— 

50.0 

— 

65.0 

— 

5.0 

— 

721 

2 

90.0 

85-95 

20.0 

15-25 

80.0 

— 

0 

— 

732 

1 

60.0 

— 

60.0 

-- 

15.0 

— 

25.0 

— 

741 

5 

80.0 

60-95 

60.0 

40-80 

50.0 

20-75 

8.0aai 

0-20 

824 

_L 

80.0 

— 

50.0 

-- 

50.0 

— 

15.0 

— 

Total 

or 

25 

79.8 

50-95 

51.8 

5-95 

52.0 

15-90 

4.2 

0-25 

average 

Galice- 

Glendale 

370 

2 

65.0 

55-75 

35.0 

— 

40.0 

25-55 

2.5 

0-5 

371 

6 

84.2 

55-100 

60.8 

35-80 

48.3 

10-75 

.8 

0-5 

372 

2 

72.5 

45-100 

65.0 

35-95 

42.5 

15-70 

0 

— 

380 

4 

90.0 

65-100 

58.8 

35-90 

65.0 

35-100 

0 

— 

381 

6 

95.0 

85-100 

71  .7 

20-95 

61.7 

25-90 

8.3 

0-35 

701 

1 

95.0 

-- 

95.0 

-- 

75.0 

— 

0 

— 

719 

2 

92.5 

85-100 

87.5 

75-100 

50.0 

45-55 

12.5 

0-25 

721 

3 

91  .7 

85-100 

58.3 

35-75 

66.7 

55-80 

1.7 

0-5 

781 

or 

J. 
27 

95.0 
87.4 

— 

85.0 
65.2 

— 

60.0 
56.3 

— 

35.0 
4.6 

— 

Total 

45-100 

20-100 

10-100 

0-35 

average 

Areas 

combined 

370 

14 

76.8a5a7 

35-100 

45.7a2 

0-85 

52.532 

25-95 

2.1b3 

0-10 

371 

14 

75.4aa3 

40-100 

53.2b 

10-80 

42.1cbb,3i 

10-75 

I.lb2b63 

0-10 

372 

5 

66.0bbiaia 

445-100 

36.034 

0-95 

47.03 

15-70 

1.0b4 

0-5 

380 

7 

89.3ai 

65-100 

54.3ai 

25-90 

67.1b 

35-100 

.7b535 

0-5 

381 

6 

95.0baa2a5 

85-100 

71  .7ca2a4 

20-95 

61.7ai 

25-90 

9.3bf,aa2 

0-35 

701 

1 

95.0 

„ 

95.0 

_. 

75.0 

_. 

3335 
0 

_, 

706 

3 

75.0 

50-95 

58.3 

40-95 

45.0 

40-55 

3.3 

0-5 

718 

10 

75.53236 

30-95 

28.0cbbi 

5-70 

63. Obi 

25-90 

1 .Ob3a3a4 

0-5 

719 

5 

88.034 

80-100 

33133 

65. Ob] 

30-100 

60.0 

45-75 

6.0 

0-25 

721 

7 

92.1bia3a6 
37 
97.5 

85-100 

52.9a 

15-85 

71 .4c3ap 

55-80 

1.4bia2 

0-5 

722 

2 

95-100 

72.5 

65-80 

57.5 

55-60 

0 



732 

1 

60.0 

— 

60.0 

-- 

15.0 

-- 

25.0 

— 

741 

5 

80.0 

60-95 

6O.O33 

40-80 

50.0 

20-75 

8.03134 

0-20 

781 

4 

77.5 

50-95 

41.3 

15-85 

62.5 

45-90 

11.3bbi 

0-35 

824 

2 

87.5 

80-95 

47.5 

45-50 

72.5 

50-95 

b2b3b4b5 
12.5      10-15 

861 

_L 

75.0 

— 

70.0 

— 

35.0 

— 

5.0 

— 

Total 

or 

87 

80.8 

30-100 

51.2 

0-100 

55.7 

10-100 

3.5 

0-35 

average 

1/  Means  f 

o1 lowed  by 

the  same  letter  or 

letter  plus  sub 

script  differ  signlf 1c3nt1y- 

-3,  at  10-percent 

Table  9— Average  and  range  of  stocking  by  soil  series  in  Applegate, 
Evans,  and  Galice-Glendale  clearcuts 


Sample 

Regeneration  c 

lass  1/ 

All 

Advance 

Subsequent 

Second 

-year 

Area  and 

soil  series 

plots 

Average 

Range 

Average 

Range 

Average 

Range 

Average 

Range 

UiimKA*' 

_     D^i"/'on+      c  +  ft^t 

. 

IT 

Applegate: 

rtrrCcilL     >l.ULK 

1  ncj  —  —  —  - 

370 

4 

78.8a 

60-95 

18.8 

0-35 

76.3b 

60-95 

1.3 

0-5 

371 

1 

100.0 

— 

10.0 

— 

95.0 

-- 

5.0 

— 

372 

1 

50.0 

-- 

5.0 

— 

45.0 

-- 

0 

— 

380 

1 

85.0 

— 

5.0 

— 

75.0 

— 

5.0 

— 

718 

3 

46.7a 

30-60 

5.0 

0-15 

43.3b 

30-60 

0 

— 

719 

1 

70.0 

— 

30.0 

— 

60.0 

— 

0 

— 

824 

3 

70.0 

45-90 

23.3 

5-40 

56.7 

40-65 

0 

— 

861 

J_ 

90.0 

— 

0 

— 

90.0 

-- 

0 

— 

Total   or 

15 

70.7 

30-100 

14.0 

0-40 

64.7 

30-95 

1.0 

0-5 

average 

Evans; 

370 

1 

100.0 

-- 

30.0 

-- 

90.0 

-- 

0 

— 

371 

3 

88.3 

80-95 

20,0 

0-60 

78.3 

60-95 

0 

— 

712 

2 

87.5 

85-90 

30.0 

-- 

80.0 

-- 

0 

— 

719 

1 

70.0 

— 

0 

— 

70.0 

— 

0 

— 

721 

3 

90.0 

70-100 

35.0 

15-55 

80.0 

45-100 

0 

— 

722 

3 

80.0 

70-90 

23.3 

10-35 

71.7 

50-85 

0 

— 

731 

1 

45.0 

— 

25.0 

— 

25.0 

-- 

0 

— 

741 

_L 

90.0 

— 

5.0 

— 

85.0 

-- 

0 

— 

Total   or 

15 

83.7 

45-100 

23.7 

0-60 

74.7 

25-100 

0 

~ 

average 

Galice- 

Glendale: 

370 

2 

92.5 

90-95 

7.5 

5-10 

92.5 

90-95 

0 

— 

371 

11 

71.8 

35-100 

26.8 

0-90 

67.7 

30-95 

.9 

0-5 

380 

1 

100.0 

— 

10.0 

— 

100.0 

-- 

0 

— 

381 

_3 

71.7 

60-90 

8.3 

0-20 

68.3 

60-80 

0 

-^ 

Total   or 

17 

75.9 

35-100 

20.3 

0-90 

72.6 

30-100 

0.6 

0-5 

average 

Areas 

combined: 

370 

7 

85.7c 

60-100 

17.1 

0-35 

82.9cai 

60-95 

.7 

0-5 

371 

15 

77. Obi 

35-100 

24.3 

0-90 

71.7bi 

30-95 

1.0 

0-5 

372 

1 

50.0 

— 

5.0 

— 

45.0 

— 

0 

— 

380 

2 

92.5 

85-100 

7.5 

5-10 

87.5 

75-100 

2.5 

0-5 

381 

3 

71.7 

60-90 

8.3 

0-20 

68.3 

60-80 

0 

— 

712 

2 

87.5 

85-90 

30.0 

-- 

80.0 

— 

0 

— 

718 

3 

46.7cbbia 

30-60 

5.0 

0-15 

43.3cbbia 

30-60 

0 

— 

719 

2 

70.0 

— 

15.0 

0-30 

65.0 

60-70 

0 

— 

721 

3 

90.0b 

70-100 

35.0 

15-55 

80.0b 

45-100 

0 

— 

722 

3 

80.0a 

70-90 

23.3 

10-35 

71.7a 

50-85 

0 

— 

731 

1 

45.0 

— 

25.0 

— 

25.0 

— 

0 

— 

741 

1 

90.0 

— 

5.0 

— 

85.0 

— 

0 

— 

824 

3 

70.0 

45-90 

23.3 

5-40 

56.7ai 

40-65 

0 

— 

B61 

_L 

47 

90.0 
76.7 

— 

0 
19.4 

0-90 

90.0 
70.7 

25-100 

0 
0.5 

— 

Total  or 

30-100 

0-5 

average 

1/  Means  followed  by  the  same  letter  or  letter  plus  subscript  differ  signlf Icantly- 
probablllty  level;  b,  5-percent;  and  c,  1-percent. 


-a,  at  10-percent 


33 


Averages  for  total  and  subsequent  stocking  in  clearcuts  also  differed  substantially 
among  soil  series,  and  some  of  the  differences  proved  to  be  significant  (table  9). 
A  simple  ranking  of  the  means  for  data  from  all  areas  combined  showed  that  total, 
advance,  and  subsequent  stocking  tended  to  be  average  or  below  on  soil  series 
372,  381,  718,  and  719.  Stocking  for  soil  series  370,  712,  721,  and  722  tended  to  be 
average  or  above.  Stocking  on  soil  series  372  ranked  low,  as  in  partial  cuts,  but 
position  of  soil  series  370  was  reversed;  stocking  on  it  ranked  relatively  high  in 
clearcuts.  Between  pairs  of  means  where  a  significant  difference  was  demon- 
strated, stocking  for  soil  series  718  or  824  was  the  low  value  for  the  pair  and  stock- 
ing for  series  370,  371,  721,  or  722  was  the  high  value.  Again,  only  two  significant 
differences  were  demonstrated  among  stocking  means  for  individual  areas,  soil 
series  718  vs.  370  for  total  and  subsequent  stocking  in  the  Applegate  area.  Data 
were  insufficient  for  making  comparisons  among  stocking  averages  for  second-year 
seedlings. 

Most  of  the  soil  series  where  stocking  was  low  are  gravelly  loams  or  gravelly  clay 
loams,  but  so  are  several  of  the  soils  where  stocking  was  above  average. 

Soil  origin  and  soil  depth  were  examined  for  their  influence  on  seedling  stocking  by 
regrouping  separately  in  three  categories  all  sample  plots  for  partial  cuts  and  all 
sample  plots  for  clearcuts.  Stocking  tended  to  be  higher  than  average  on  soils  of 
granitic  origin  and  lower  than  average  on  soils  of  volcanic  origin  (table  10).  In  par- 
tial cuts,  some  of  the  differences  among  means  proved  significant. 

Stocking  for  several  regeneration  classes  tended  to  be  higher  on  deep  soils— those 
with  a  total  depth  45  inches  (114  cm)  or  greater  (table  10).  The  differences  in  clear- 
cuts  between  medium-depth  and  deep  soils  were  statistically  significant  for  total 
stocking  and  subsequent  stocking.  Surprisingly  little  difference  in  stocking  was  evi- 
dent between  shallow  and  medium-depth  soils. 

Stocking  by  Location  Average  stocking  in  partial  cuts  and  in  clearcuts  differed  significantly  by  geographic 

location.  Three  ways  of  grouping  sample  plots  were  used  to  examine  location 
effect— grouping  by  longitude  (range),  by  latitude  (township),  and  by  drainage. 
Sample  plots  were  grouped  by  township  tiers  because,  individually,  few  townships 
would  have  been  represented  by  sufficient  samples  for  meaningful  comparisons.  A 
grouping  by  range  was  used  because,  from  west  to  east,  it  represents  increasing 
distances  inland  from  the  coast. 

Total  stocking  for  partial  cuts  averaged  significantly  greater  in  R.  8  W.  and  R.  9  W. 
than  in  R.  1  W.,  R.  2  W.,  R.  4  W.,  and  R.  7  W.;  total  stocking  was  intermediate  in 
R.  2  E.,  R.  3  W.,  R.  5  W.,  and  R.  6  W.  (table  11).  Total  stocking  was  highest 
nearest  the  coast  but  did  not  vary  significantly  among  the  more  inland  locations. 
Averages  for  advance  stocking  and  subsequent  stocking  did  not  conform  to  the 
pattern  shown  by  total  stocking.  Advance  stocking  was  significantly  greater  in 
R.  5  W.  and  R.  8  W.  than  in  R.  2  W.,  R.  3  W.,  and  R.  4  W.,  and  was  intermediate 
in  R.  2  E.,  R.  1  W.,  R.  6  W.,  R.  7  W.,  and  R.  9  W.  Subsequent  stocking  was 
highest  in  R.  3  W.  and  R.  9  W.,  and  lowest  in  R.  1  W.;  several  stocking  averages 
were  significantly  greater  than  the  low  values  for  R.  1  W. 
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Table  10— Average  stocking  by  soil  origin  and  soil  depth  in  partial  cuts  and 
clearcuts 


Soil 
characteristic 


Sample 
plots 


All 


Regeneration  class  ]_/ 


Advance 


Subsequent    Second-year 


Number 


-  -  -  Percent  stocking 
PARTIAL  CUTS 


Origin: 
Volcanic 
Granitic 
Metamorphic 

Total  or  average 

Depth: 

30  inches  or  less  2/ 

31-44  inches 

45  inches  or  more 


9 

76.1a 

59.4 

44.4b 

B.3bbi 

10 

91  .5aa-| 

58.5 

65.0b 

1.5b 

68 

79.9aT 

49.0 

55.9 

3.2bi 

87 


80.8 


14 

80.7 

40 

79.1 

33 

82.9 

51.2 


50.4 
49.0 
54.2 


55.7 


58.9 
53.9 
56.7 


3.5 


2.9 
4.0 
3.2 


Total  or  average 


87 


80.8 


51.2 


55.7 


3.5 


CLEARCUTS 

Origin: 
Volcanic 
Granitic 
Hetamorphic 

2 

7 

38 

67.5 
85.7 
75.5 

15.0 
25.0 
18.6 

55.0 
77.9 
70.3 

0 
0 
.7 

Total  or  average 

47 

76.7 

19.4 

70.7 

0.5 

Depth: 

30  inches  or  less  2/ 

31-44  inches 

45  inches  or  more 

5 
25 

12 

73.0 

72.4a 

84.1a 

27.0 
19.0 
17.6 

62.0 

66.8b 

79.1b 

0 
.6 
.6 

Total  or  average 

47 

76.7 

19.4 

70.7 

0.5 

1/  Means  followed  by  the  same  letter  or  letter  plus  subscript  differ  signif icantly- 
a,  at  10-percent  probability  level;  and  b,  5-percent. 

2/  To  convert  inches  to  centimeters,  multiply  by  2.54. 
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Table  11— Average  stocking  in  partial  cuts  by  range 


Sample 

Regeneration  class  ]_/ 

Area  and 

range 

plots 

All 

Advance    Subsequent 

Second-year 

Number 

Applegate: 

R.  2  W., 

T. 

38, 

39  S. 

4 

67.5a 

21.3cai        52.5 

0 

R.  3  W., 

T. 

37, 

38,  39 

S.  6 

77.5 

35.8b         66.7 

2.5 

R.  4  W.. 

T. 

37, 

38,  39 

S.  6 

70. Oa] 

24.2cia       60.0 

1  .7 

R.  5  W.. 

T. 

38, 

39  S. 

7 

91  .4baaT 

67.9ccTC2b     61.4 

2.9 

R.  6  W.. 

T. 

38. 

39  S. 

5 

85.0 

51.0aa-|        61.0 

3.0 

R.  7  W., 

T. 

38, 

40  S. 

7 

65.0b 

32.1C2         46.4 

2.1 

Total   or  average 


35 


76.4 


40.0 


58.0 


2.1 


Evans: 

R.  2  E..  T. 

32  S. 

1 

85.0 

60.0 

40.0 

0 

R.  1  W.,  T. 

32,  33  S. 

4 

71  .3 

61.3a2 

31.3ba 

7.5a 

R.  2  W.,  T. 

32,  33  S. 

5 

79.0 

56.0ai 

57.0a 

12.0cb 

R.  3  W.,  T. 

33,  34,  35 

S.  6 

82.5 

31 .7aa-|a2 

66.7b 

0  ca 

R.  4  W.,  T. 

33,  34,  35 

S.  7 

80.7 

55.7a 

50.0 

2.1b 

R.  5  W.,  T. 

33,  34  S. 

_2 

85.0 

65.0 

50.0 

0. 

Total  or 

average 

25 

79.8 

51  .8 

52.0 

4.2 

Galice-Glendale: 

R.  3  W.,  T. 

32  S. 

1 

90.0 

65.0 

80.0 

0 

R.  4  W..  T. 

31,  32  S. 

3 

81.7 

38.3bbia 

63.3b 

3.3 

R.  5  W.,  T. 

32  S. 

2 

77.5 

55.0 

57.5 

2.5 

R.  6  W.,  T. 

33,  34  S. 

3 

76.7 

71  .7a 

26.7bbiaa-| 

11  .7 

R.  7  W.,  T. 

33,  34,  35, 
36  S. 

7 

86.4 

76.4bi 

53.6ai 

8.6 

R.  8  W. .  T. 

31,  32,  33, 
34  S. 

6 

93.3 

74.2b 

:5.0a 

0.8 

R.  9  W.,  T. 

31,  32,  33, 
35  S. 

5 

95.0 

55.0 

70.0bT 

2.0 

Total   or  average 


27 


87.4 


65.2 


56.3 


4.6 


Areas  comb 

ined: 

R.  2  E., 

T. 

32  S. 

1 

85.0 

60.0 

40.0 

0 

R.  1  W. , 

T. 

32.  33  S. 

4 

71  .33337 

61  .3 

31 .3cba32a4 

7.5 

R.  2  W. , 

T. 

32.  33.  38. 
39  S. 

9 

73.93236 

40.6ba2 

55.03 

6.7 

R.  3  W. , 

T. 

32,  33,  34, 
35,  37,  38, 
39  S. 

13 

80.8 

36.2cb333i 

67.7c3i33 

1.2 

R.  4  W., 

T. 

31,  32,  33, 
34.  35.  37, 
38.  39  S. 

16 

76.9334 

40.6bib2 

56.332 

2.2 

R.  5  W., 

T. 

32,  33,  34, 
38,  39  S. 

n 

87.7 

65.0b2b332 

58.634 

2.3 

R.  6  W., 

T. 

33,  34,  38. 
39  S. 

8 

81.9 

58.83T 

48.133 

6.3 

R.  7  W., 

T. 

33.  34.  35. 
36,  38,  40 

14 
S. 

75.73135 

54.3a 

50.0ai 

5.4 

R.  8  W. . 

T. 

31,  32.  33. 
34  S. 

6 

93.333] 
3233 

74.2cbbi 

55.0 

0.8 

R.  9  W., 

T. 

31,  32,  33, 
35  S. 

5 

95.O3435 
36^7 

55.0 

70.0b 

2.0 

Total 

or 

average 

87 

80.8 

51.2 

55.7 

3.5 
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]_/   Means  followed  by  the  same  letter  or  letter  plus  subscript  differ  signifi- 
cantly— a,  at  10-percent  probability  level;  b,  5-percent;  and  c,  1-percent. 


Significant  differences  among  stocking  averages  were  also  demonstrated  within  in- 
dividual geographic  areas.  In  Applegate,  total  stocking  was  significantly  higher  in 
R.  5  W.  than  in  R.  2  W.,  R.  4  W.,  and  R.  7  W.  Advance  stocking  was  significantly 
higher  in  R.  5  W.  than  in  R.  2  W.,  R.  3  W.,  R.  4  W.,  and  R.  7  W.,  but  subsequent 
stocking  did  not  differ  significantly  among  the  ranges  represented.  Averages  for 
total  stocking  did  not  differ  significantly  in  the  Evans  area,  but  advance  stocking 
was  significantly  lower  in  R.  3  W.  than  elsewhere,  and  subsequent  stocking  was 
significantly  higher  in  R.  2  W.  and  R.  3  W.  than  in  R.  1  W.  In  the  Galice-Glendale 
area,  averages  for  total  stocking  also  did  not  differ  significantly  but  averages  for 
advance  and  subsequent  stocking  did.  Advance  stocking  was  significantly  lower  in 
R.  4  W.  than  in  R.  6  W.,  R.  7  W.,  and  R.  8  W.,  and  subsequent  stocking  was 
significantly  lower  in  R.  6  W.  than  in  most  of  the  others.  Subsequent  stocking  in 
Galice-Glendale  was  highest  in  R.  3  W.  and  R.  9  W. 

Stocking  tended  to  be  more  uniform  in  clearcuts,  as  indicated  by  the  small  number 
of  significant  differences  among  averages  representing  the  different  ranges  (table 
12).  Total,  advance,  and  subsequent  stocking  were  highest  in  R.  9  W.;  total  and 
subsequent  stocking  in  R.  9  W.  were  significantly  greater  than  for  R.  8  W.,  which  is 
immediately  adjacent  to  the  east.  The  same  differences  appear  in  averages  for 
Galice-Glendale  because  this  area  is  the  sole  source  of  data  for  R.  8  W.  and 
R.  9  W.  Other  significant  differences  appear  to  be  incidental  rather  than  indicators 
of  any  meaningful  pattern. 

Although  significant  differences  in  stocking  were  found  between  tiers  of  townships, 
no  north-south  trend  was  evident  in  either  partial  cuts  or  clearcuts  (table  13).  Total 
and  advance  stocking  in  partial  cuts  averaged  highest  in  T  34  S.  and  lowest  in 
T  38  S.  In  clearcuts,  total  stocking  was  again  low  in  T  38  S.,  but  just  as  low  in 
T  34  S.,  and  highest  in  T  32  S.  and  T  35  S.  Subsequent  stocking  was  also  lowest 
in  T  34  S.  and  T  38  S.  and  highest  in  T  32  S.  and  T  35  S.  The  differences  in 
stocking  among  tiers  of  townships  appear  to  be  caused  by  local  factors  more  than 
by  any  effect  of  latitude. 

Stocking  differed  significantly  among  stream  drainages  (table  14).  Partial  cuts 
sampled  in  small  drainages  that  flow  directly  to  the  middle  section  of  the  Rogue 
River  had  the  highest  total,  advance,  and  subsequent  stocking.  Williams  Creek, 
Evans  Creek,  West  Cow  Creek,  and  Applegate  River  were  other  drainages  where 
stocking  was  above  average  for  one  or  more  regeneration  classes.  Subsequent 
stocking  in  partial  cuts  was  clearly  below  average  in  Bear  Creek,  Illinois  River,  Elk 
Creek,  Trail  Creek,  and  G[ave  Creek. 

In  clearcuts,  stocking  tended  to  be  more  uniform  among  drainages.  Highest  stock- 
ing (but  not  significantly  greater  than  for  several  other  drainages)  was  found  in 
West  Cow  Creek,  which  drains  eastward  from  the  Coast  Ranges  in  contrast  to  all 
other  drainages  sampled.  Total  and  subsequent  stocking  were  significantly  lower  in 
Applegate  River  clearcuts  than  in  any  other  drainage. 


Table  12— Average  stocking  in  clearcuts  by  range 


Sample 
plots 

Regeneration 

class  1/ 

Area  and 
range 

All 

Advance 

Sub 

sequent 

Second-year 

Number 

1 
3 
2 
6 

Percent 

Applegate: 
R.  2  W.. 
R.  3  W., 
R.  5  W.. 
R.  6  W.. 
R.  7  W. , 

T. 
T. 
T. 
T. 
T. 

38  S. 
38.  39  S. 
38,  39  S. 
38,  39  S. 
38.  39.  40 

50.0 
53.3 
75.0 
77.5 
78.3 

15.0 
10.0 

0 
24.2a 

6.7a 

40.0 
50.0 
75.0 
69.2 
71.7 

0 

0  a 
0 

.8 
3.3a 

Total 

or 

average 

15 

70.7 

14.0 

64.7 

1.0 

Evans: 
R.  1  E.. 
R.  1  W.. 
R.  3  W.. 
R.  4  W.. 
R.  5  W., 

33  S. 

32  S. 

33.  34  S. 

33  S. 

33.  35  S. 

1 
1 
7 
3 
3 

45.0 
90.0 
84.3 
85.0 
91  .7 

25.0 

5.0 
32.1b 

3.3ba 
30.0a 

25.0 
85.0 
72.1 
85.0 
83.3 

0 
0 
0 

0 
0 

Total  or  average 


15 


83.7 


23.7 


74.7 


Galice-Glendale: 

R.    3  W..    T.    31    S.  1 

R.    4  W..    T.    31 ,    32   S.  2 

R.    7  W..    T.    34   S.  1 

R.    8  W..    T.    31 .    32.  34.        9 

35   S. 

R.    9  W.,    T.    31.    32.  34   S._4 


60.0 

10.0 

60.0 

0 

80.0 

2.5 

80.0 

0 

60.0 

5.0 

60.0 

0 

70.6a 

21  .7 

66.7a 

1.1 

93.8a 

32.5 

88.8a 

0 

Total  or  average 


17 


75.9 


20.3 


72.6 


.6 


Areas  combined: 
R.  1  E..  T.  33  S. 
R.  1  W.,  T.  32  S. 
R.  2  W.,  T.  38  S. 
R.  3  W..  T.  31 .  33.  34.   11 

38.  39  S. 
R.  4  W..  T.  31.  32.  33  S 


R. 

5  W., 

,  T. 

33,  35, 
39  S. 

38, 

R. 

6  W., 

,  T. 

38,  39 

S. 

R. 

7  W., 

,  T. 

34.  38, 
40  S. 

39. 

R. 

8  M., 

,  T. 

31,  32, 
35  S. 

34, 

R. 

9  M.  , 

,  T. 

31.  32, 

34  S 

Total  or  average 


1 

1 

1 

n 

45.0 
90.0 
50.0 
73.6 

25.0 

5.0 

15.0 

24.1 

25.0 
85.0 
40.0 
65.0a 

0 
0 
0 
0  b 

5 
5 

83.0 
85.0 

3.0a 
18.0 

83.0 
30.0 

0  bi 
0  b2 

6 
4 

77.5 
73.8 

24.2 
6.3 

69.2 
68.8 

.8 
2.5bb 

9 

70.6a 

21.7 

66.7ai 

D2l 

1.1 

_4 

93.8a 

32.5a 

88.8aai 

0  b3 

47 

76.7 

19.4 

70.7 

.5 

1/  Means  followed  by  the  same  letter  or  letter  plus  subscript  differ  signifi- 
cantly— a,  at  10-percent  probability  level;  and  b,  5-percent. 
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Table  13— Average  stocking  by  township  tier  in  partial  cuts  and  clearcuts 


ship 

Sample 

Regeneration  class 

1/ 

Town 

tier 

plots 

All 

Advance 

Subsequent 

Second-year 

Number 

_            D<ii*/*Qr*+c 

"  /\  /*  1/  "i  r\  /I 

rerceriL  s 
PARTIAL  CUTS 

-OCKinc]  -  -  -  - 

31 

4 

83.8 

51  .3 

50.0 

2.5 

32 

n 

81  .8 

55.0 

50.5 

5.0 

33 

18 

81.1 

56.7a 

53.3 

2.5 

34 

13 

88.1b 

66.9cb 

58.1 

3.8 

35 

5 

84.0 

54.0 

58.0 

7.0 

36 

1 

95.0 

85.0 

60.0 

35.0 

37 

3 

81  .7 

48.3 

71  .7 

1  .7 

38 

16 

71  .6b 

37.2ca 

52.2 

2.8 

39 

14 

79.3 

42.1b 

59.6 

1.4 

40 

_2 

87.5 

35.0 

llJi 

2.5 

Total 

87 

80.8 

51.2 

55.7 

3.5 

or  average 

CLEARCUTS 

31 

4 

77.5 

37.5  b3aa-| 

68.8 

0 

32 

5 

93.0bb3a 

lO.Oba 

90.0bb]a 

0 

33 

11 

83.6b2a2 

26.432 

73.2 

0 

34 

9 

63.9bbib2 

7.8cb3a2 

63.3bT 

1 .1 

35 

3 

91.7bTai 

46.7cbbib2 

85.0 

0. 

38 

6 

65.0b3aia2 

17.5b2 

59.2b 

.8 

39 

8 

73.1a 

12.5biai 

67.5a 

.6 

40 

J. 

85.0 

5.0 

75.0 

5.0 

Total 

47 

76.7 

19.4 

70.7 

.5 

or  average 

1/  Means  followed  by  the  same  letter  or  letter  plus  subscript  differ  significantly — a, 
at  10-percent  probability  level;  b,  5-percent;  and  c,  1-percent. 
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Table  14— Average  stocking  by  drainage  in  partial  cuts  and  clearcuts 


Sample 

Regeneration  c 

lass  y 

Drainage 

plots 

All 

Advance 

Subsequent 

Second-year 

Number 

DA*>«<Ant   r1-/^<-t  In/i    ____.. 

PARTIAL  CUTS 

■•--  "La 

Bear  Creek 

? 

50.0 

20.0 

35.0 

0 

Applegate  River 

12 

75.4cia3 

25.4cc3C4bib2b3aai 

65.0c2C4a3 

2.5 

Williams  Creek 

11 

88.2b3a3 

62.3c3b4 

58.2b)b2 

2.3 

Illinois  River 

8 

67 , 5cb2b3a 

32.5cib4b5a2 

48.8b3aa3 

1.9 

Middle  Rogue 

13 

94.2ccibbTa 

1^2 

75.8cc)C2b 

68.1cc)b33)a2 

5.8 

Elk  Creek 

3 

71.7ai 

56.73 

25.0cc2C3bbia 

10.0 

Trail  Creek 

4 

71  .3b 

53. Sb? 

46.3ai 

2.5 

Evans  Creek 

14 

82.9aa2 

46.8c2b3 

63.2C3C6 

4.6 

Grave  Creek 

9 

76.7bi 

61 .lC4b5 

34.4ciC4C5C6b2 

3.9 

East  Cow  Creek 

6 

81  .7 

48.3bai 

64.2c5b 

2.5 

West  Cow  Creek 

_5 

90.0b2 

60.0bia2 

49.0a2 

1.0 

Total  or  average 

87 

80.8 

51.2 

55.7 

3.5 

CLEARCUTS 

Applegate  River 

4 

S2 .  Sccibaai 

11.3 

47.5bhib2aaia2 

0   3 

Williams  Creek 

3 

81.7a 

6.7 

81.7bi 

0  32 

Illinois  River 

8 

75.6b 

18.1 

66.931 

1 .963313; 

Middle  Rogue 

10 

72.0313? 

20  5 

69.532 

1.0 

Elk  Creek 

2 

67.5 

15.0 

55.0 

0 

Evans  Creek 

10 

84.5C1 

23.5 

76.0b2 

0  b 

Grave  Creek 

2 

80.0 

17.5 

75.0 

0 

East  Cow  Creek 

3 

73.3 

5.0a 

73.3a 

0 

West  Cow  Creek 

_5 

93.0ca2 

36.03 

84.0b 

0 31 

Total  or  average 

47 

76.7 

19.4 

70.7 

.5 

1/  Means  followed 

by 

the  same 

letter  or  letter  -i 

'us  su^  "  pt  differ 

slgnif 1cantly--a, 

at  10-percent 

Tests  for  Associations 


Data  on  15  environmental  variables  were  used  in  both  correlation  and  regression 
analyses  to  ascertain  stocking  patterns  in  partial  cuts.  The  independent  variables 
or  covariates  are  listed  below;  data  source  and  pertinent  details  on  most  are  given 
in  the  appendix  (p.  70); 

1.  Elevation  (feet) 

2.  Average  annual  precipitation  (inches) 

3.  Aspect  index 

4.  Average  slope  (percent) 

5.  Radiation  index 

6.  Canopy  (percent) 

7.  Time  since  logging  (years) 

8.  Total  ground  cover  (percent) 

9.  Ground  cover  primarily  grass  (percent) 

10.  Ground  cover  primarily  woody  perennials  (percent) 
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11.  Seedbed  primarily  duff  and  litter  (percent) 

12.  Seedbed  primarily  logs,  wood,  and  bark  (percent) 

13.  Seedbed  primarily  undisturbed,  variables  11  and  12  combined  (percent) 

14.  Nearest  seed  source,  Douglas-fir  (percent) 

15.  Nearest  seed  source,  true  firs  (percent) 

Thirteen  variables  were  used  for  analyses  of  stocking  patterns  in  clearcuts. 
Distance  to  seed  source  was  substituted  for  variables  14  and  15,  above,  which  give 
seed  source  proximity  for  only  two  individual  species.  Although  some  canopy  was 
present  on  clearcuts,  variable  6  was  deleted  because  it  represented  a  severe  mix 
of  independent  and  dependent  variables— residual  trees  plus  high  brush  and 
regeneration  that  developed  after  logging. 

Variables  9  to  15  resulted  from  classifying  the  20  subplots  per  plot  in  different 
ways.  For  example,  variables  9  and  10  are  fractions  (each  expressed  as  a  percent- 
age of  20)  of  a  four-way  classification — without  cover,  grass  cover,  herbaceous 
cover,  or  woody  perennial  cover.  Not  all  parts  of  such  a  classification  may  be  valid- 
ly included  in  a  regression  analysis.  The  specific  fractions  selected  were  those  that 
appeared  most  likely  to  differ  from  the  rest,  had  the  widest  range  of  data,  or  were 
of  particular  interest. 

Sufficiently  comprehensive  regeneration  data  were  available  from  Applegate,  Evans, 
and  Galice-Glendale  partial  cuts  and  clearcuts  for  these  dependent  variables: 

1 .  Total  stocking 

2.  Advance  stocking,  all  species 

3.  Advance  stocking,  Douglas-fir 

4.  Advance  stocking,  true  firs 

5.  Advance  stocking,  incense-cedar 

6.  Subsequent  stocking,  all  species 

7.  Subsequent  stocking,  Douglas-fir 

8.  Subsequent  stocking,  true  firs 

9.  Subsequent  stocking,  incense-cedar 

10.  Second-year  stocking,  all  species 

Subsequent  stocking  of  sugar  and  western  white  pine  was  used  as  an  additional 
dependent  variable  for  partial  cuts,  and  subsequent  ponderosa  pine  stocking  for 
clearcuts.  For  neither  pine  group  were  data  sufficient  in  both  partial  cuts  and 
clearcuts. 
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Correlation  tests  between  single  independent  and  dependent  variables  indicated 
that  in  the  Applegate,  Evans,  and  Galice-Glendale  areas  stocking  level  changes  in 
concert  with  other  variables.  There  are  variations  or  patterns  of  stocking  significant- 
ly associated  with  changes  in  independent  environmental  variables,  such  as  eleva- 
tion, radiation  index,  slope,  and  precipitation;  and  covariates,  such  as  total  ground 
cover,  grass,  and  woody  perennials.  Correlations  identified  as  significant  for  dif- 
ferent categories  of  regeneration  in  the  three  areas  are  listed  in  appendix  tables  25 
to  30;  only  highlights  are  discussed  here. 

Relatively  few  significant  correlations  were  found  between  total  stocking  and  en- 
vironmental variables  when  data  sets  for  the  three  areas  were  combined,  in  partial 
cuts,  total  stocking  increased  as  years  since  harvest  and  amount  of  precipitation 
increased.  Total  stocking  decreased  as  slope,  amount  of  Douglas-fir  seed  source, 
and  the  amount  of  seedbed  covered  with  logs,  wood,  and  bark  increased  (table  25, 
appendix).  When  data  sets  were  combined  for  all  clearcuts,  total  stocking  corre- 
lated with  just  one  variable;  it  correlated  positively  with  nearness  of  seed  source 
(table  27,  appendix). 

These  broad  associations  did  not  prevail  consistently,  however,  in  the  individual 
areas.  For  example,  total  stocking  was  correlated  with  slope,  years  since  harvest, 
and  amount  of  Douglas-fir  seed  source  in  Applegate  partial  cuts,  but  these  did  not 
appear  as  significant  factors  in  Evans  or  Galice-Glendale  partial  cuts.  In  fact,  not 
one  of  the  five  factors  significant  for  the  combined  data  set  was  significant  in  the 
data  set  for  more  than  a  single  area.  For  clearcuts,  precipitation  was  a  significant 
factor  common  to  the  Applegate  and  Evans  areas. 

For  the  areas  combined,  total  subsequent  stocking  in  partial  cuts  decreased  as  the  i 
percentage  of  undisturbed  seedbed  or  duff  and  litter  increased  (table  26,  appen- 
dix). Total  subsequent  stocking  did  not  correlate  significantly  with  a  single  environ- 
mental variable  when  data  sets  for  clearcuts  were  combined  (table  28,  appendix). 

As  with  total  stocking,  correlations  between  total  subsequent  stocking  and  environ- 
mental variables  varied  by  area.  In  partial  cuts,  total  subsequent  stocking  was 
positively  associated  with  elevation  and  negatively  associated  in  one  or  more  areas i 
with  those  factors  that  tend  to  keep  seedbed  unavailable— undisturbed  seedbed, 
duff  and  litter,  and  logs,  wood,  and  bark.  For  clearcuts  within  individual  areas,  total 
subsequent  stocking  was  positively  associated  with  precipitation  and  negatively 
associated  with  radiation  index;  logs,  wood,  and  bark;  and  undisturbed  seedbed 
(fig.  16). 

The  sets  of  environmental  variables  that  advance  or  subsequent  stocking  of  in- 
dividual species  correlated  with  differed  substantially.  Diverse  species  responses  to  i 
environmental  factors  are  probably  indicated  by  some  correlations.  For  example, 
subsequent  stocking  of  Douglas-fir  was  positively  associated  with  woody  perennials 
in  Galice-Glendale  clearcuts  (r  =  0.50),  but  subsequent  stocking  of  ponderosa  pine^ 
was  negatively  associated  with  woody  perennials  (r  =  -0.90).  Not  unexpectedly, 
stocking  of  a  species  sometimes  correlated  either  positively  or  negatively  with  a 
given  variable,  depending  on  differing  circumstances.  For  example,  stocking  of 
Douglas-fir  advance  growth  in  partial  cuts  was  positively  correlated  with  undis- 
turbed seedbed,  but  stocking  of  subsequent  Douglas-fir  was  negatively  correlated 
with  the  same  variable.  These  opposite  results  for  the  same  species  are  entirely 
reasonable  because  the  continued  existence  of  advance  growth  depends  on  lack  ol 
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Figure  16— Total  subsequent  stocking  in  both  partial  cuts  and 
clearcuts  tended  to  be  greater  wth  higher  percentages  of 
disturbed  seedbed 

disturbance  during  logging  whereas  establishment  of  subsequent  regeneration 
hinges  on  the  ready  availability  of  seedbed. 

Stocking  had  a  reasonably  consistent  correlation  with  several  environmental 
variables  in  both  partial  cuts  and  clearcuts.  For  example,  stocking  usually  de- 
creased as  slope  increased;  as  amount  of  seedbed  covered  with  logs,  wood,  and 
bark  increased;  and  as  the  cover  of  woody  perennials  increased.  Higher  stocking 
was  generally  but  not  always  associated  with  greater  precipitation.  Stocking  tended 
to  be  greater  in  older  partial  cuts,  but  stocking  was  negatively  correlated  with  the 
age  of  clearcuts.  In  a  sinrvilar  contrast,  stocking  was  positively  correlated  with  radia- 
tion index  in  partial  cuts,  but  negatively  correlated  with  radiation  index  in  clearcuts. 
In  other  words,  stocking  was  higher  on  slopes  most  exposed  to  the  sun  in  partial 
cuts  and  on  slopes  least  exposed  to  the  sun  in  clearcuts.  Another  stocking  contrast 
between  partial  cuts  and  clearcuts  is  in  correlations  for  seed  source:  in  partial  cuts, 
stocking  was  generally  negatively  correlated  with  an  increase  in  Douglas-fir  seed 
source  and  positively  correlated  with  an  increase  in  true  fir  seed  source;  in  clear- 
cuts,  stocking  increased  with  closer  proximity  to  seed  source.  The  stocking  pattern 
is  more  complex  in  partial  cuts  where  it  involves  relative  establishment  and  survival 
capabilities  of  different  species  in  openings  and  in  shade.  It  is  also  not  surprising 
that  few  variables  show  a  consistent  correlation  with  both  advance  and  subsequent 
stocking  because  the  conditions  favoring  the  two  kinds  of  stocking  are  not 
identical. 
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Correlation  coefficients  between  stocking  and  environmental  variables  were  also 
determined  after  data  had  been  regrouped  by  forest  type.  Because  forest  types  are 
identifiable  ecologic  units  that  often  span  several  geographic  areas,  there  may  be 
more  consistent  stocking  patterns  within  a  forest  type  than  among  the  mix  of  types 
in  a  geographic  area.  Tables  29  and  30  (appendix)  list  stocking-environmental  cor- 
relations that  tested  significant  in  each  forest  type.  Data  from  three  pine  types- 
sugar  pine,  ponderosa  pine,  and  pine  mixture— were  combined  for  this  purpose  as 
each  type  was  lightly  represented. 

As  composite  averages,  correlation  coefficients  for  stocking-environmental  associa- 
tions in  partial  cuts  and  clearcuts  were  somewhat  higher  if  data  were  analyzed  by 
forest  type  rather  than  by  geographic  areas  combined  (tables  29  and  30  vs.  tables 
25-26  and  27-28,  appendix).  Average  r-value  for  geographic  areas  combined  was 
0.30  in  partial  cuts,  0.31  in  clearcuts;  0.34  and  0.36,  respectively,  for  the  Douglas-fir 
type,  and  0.51  and  0.68  for  the  pine  type.  The  correlation  coefficients  for  the 
Douglas-fir  type  are  not,  however,  as  high  as  are  the  correlation  coefficients  de- 
rived for  individual  geographic  areas  (average  r  =  0.40  to  0.44  for  partial  cuts,  0.50 
to  0.58  for  clearcuts).  Those  for  the  pine  type  in  clearcuts  are  higher  than  for  in- 
dividual geographic  areas,  but  this  may  be  caused  partly  by  the  limited  number  of 
samples  in  the  type.  Forest  type  has  merit  as  a  means  of  stratifying  forest  lands  in  i 
the  territory  sampled,  but  consideration  of  environmental  factors  area  by  area 
seems  even  better 

Regeneration  patterns  in  partial  cuts  differed  among  forest  types  as  indicated  by 
the  dissimilar  number  and  array  of  correlations  found  significant  per  type  (tables  29 
and  30,  appendix).  Stocking  of  advance  regeneration  was  strongly  associated  with 
many  enviromental  variables  in  the  Douglas-fir  type  and  with  only  about  one-third 
as  many  in  the  pine  type.  Though  still  dissimiliar,  the  number  of  significant  associa- 
tions for  subsequent  regeneration  were  nearly  equal  for  the  two  forest  types. 

Several  stocking-environmental  associations  in  partial  cuts  were  common  to  more 
than  one  regeneration  category  or  forest  type.  Understandably,  stocking  of  advance 
regeneration  increased  with  increases  in  undisturbed  seedbed,  duff  and  litter,  and 
with  canopy  conditions  requisite  to  or  arising  from  the  presence  of  advance 
regeneration.  Advance  stocking  vacillated  relative  to  true  fir  seed  source  but 
decreased  as  the  amount  of  Douglas-fir  seed  source  increased.  Stocking  of  ad- 
vance Douglas-fir  was  positively  correlated  with  increases  in  precipitation,  but 
stocking  of  advance  incense-cedar  was  negatively  correlated  with  precipitation. 
Stocking  of  subsequent  regeneration  generally  increased  with  elevation  and  radia- 
tion index  and  decreased  with  increases  in  duff  and  litter  and  with  undisturbed 
seedbed. 

For  clearcuts,  the  number  of  significant  stocking-environmental  variable  associa- 
tions was  not  as  dissimilar  among  forest  types  as  in  partial  cuts.  Nearly  half  of  the 
environmental  variables  (16  of  34)  accounted  individually  for  25  percent  or  more  of 
the  variation  for  different  categories  of  advance  or  subsequent  stocking.  Correla- 
tions between  stocking  and  an  environmental  variable  were  consistently  positive  or 
negative  in  only  a  few  instances. 
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Formulas  Describing  Correlation  coefficients  provide  insight  and  identify  associations  between  inde- 

Stocking  pendent  and  dependent  variables,  but  information  is  also  needed  on  how  stock- 

ing interacts  in  concert  with  several  independent  variables.  For  this  purpose,  step- 
;  wise  multiple  regression  analyses  were  made  with  data  for  the  environmental 

variables  and  regeneration  categories  already  itemized  (p.  40-41).  Analyses  were 
made  with  single  and  combined  data  sets  for  Applegate,  Evans,  and  Galice- 
Glendale  partial  cuts,  and  for  Applegate,  Evans,  and  Galice-Glendale  clearcuts.  In- 
dependent variables  listed  in  each  formula  are  generally  those  that  singly  had  an 
F-value  (variance  ratio)  to  enter  or  remove  from  the  equation  equal  to  or  greater 
than  the  critical  value  of  the  F-distribution  at  p  =  0.10.  Occasionally,  a  variable  with 
a  smaller  F-value  was  included  because  of  its  position  within  the  array  of  qualifying 
variables,  its  contribution  to  the  cumulative  R2  (coefficient  of  determination),  or  its 
effect  on  minimizing  residual  variation  (provided  the  total  number  of  variables  re- 
mained reasona^j.e  for  the  size  of  the  data  base). 

The  analyses  produced  statistically  significant  multiple  regression  formulas  that,  for 
each  of  the  11  regeneration  categories,  relate  the  variation  of  stocking  to  changes 
in  one  or  more  environmental  variables.  Formulas  for  partial  cuts  in  individual 
areas  are  listed  in  tables  31-33  (appendix)  and  for  clearcuts  in  tables  35-37  (appen- 
dix). Nearly  two-thirds  (20  of  33)  of  the  regressions  for  partial  cuts  are  strongly 
descriptive— with  three  to  seven  variables,  they  individually  account  for  52  to  87 
percent  of  the  variation  (cumulative  R2)  in  stocking.  None  account  for  less  than 
25  percent  of  the  total  variation.  Collectively,  the  regressions  for  Applegate  data  ac- 
count for  less  of  the  total  variation  in  stocking  than  do  those  for  Evans  and  Galice- 
Glendale.  It  appears  that  either  random  variation  was  greater  or  unmeasured 
variables  are  influencing  stocking  more  in  Applegate  than  in  Evans  or  Galice- 
Glendale;  substantially  more  samples  were  taken  in  Applegate  than  in  the  other 
two  areas  (35  vs.  25  and  27). 

Combining  data  from  Applegate,  Evans,  and  Galice-Glendale  partial  cuts  did  not 
produce  better  regressions.  To  the  contrary,  the  amount  of  variation  accounted  for 
by  every  formula  based  on  combined  data  was  lower  than  the  least  amount  of 
variation  accounted  for  by  the  equivalent  formula  based  on  data  for  individual 
areas  (tables  31-33  vs.  table  34,  appendix).  Clearly,  stocking  does  not  vary  with  en- 
vironmental variables  in  the  same  way  in  the  three  areas.  In  fact,  only  one-third  of 
the  variables  in  formulas  for  combined  data  are  in  common  with  variables  in  for- 
mulas for  even  two  of  the  three  individual  areas. 

Three-fourths  of  the  regressions  for  clearcuts  are  strongly  descriptive:  with  one  to 
six  variables,  they  individually  account  for  50  to  93  percent  of  the  variation  in 
stocking.  Collectively,  regressions  for  Applegate  data  account  for  more  of  the  total 
variation  in  stocking  than  those  for  Evans  or  Galice-Glendale,  which  averaged 
lowest.  The  formulas  for  Galice-Glendale  are  based  on  two  more  samples  than  in 
the  other  two  areas  (17  vs.  15).  As  with  partial  cuts,  combining  data  from  Apple- 
gate,  Evans,  and  Galice-Glendale  clearcuts  did  not  produce  better  regressions.  Not 
a  single  formula  based  on  the  combined  data  accounted  for  50  percent  of  the  total 
variation;  for  several,  the  amount  accounted  for  was  so  low  that  the  formula  is  not 
meaningful  (table  38,  appendix).  In  all  but  two  instances,  the  variation  accounted 
for  was  less  than  the  least  amount  of  variation  accounted  for  by  the  equivalent  for- 
mula for  individual  areas  (tables  35-37  vs.  table  38,  appendix).  Again,  about  one- 
third  of  the  variables  in  formulas  for  combined  data  are  in  common  with  variables 
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in  formulas  for  even  two  of  the  three  individual  areas.  As  with  partial  cuts,  stocking 
in  clearcuts  did  not  vary  with  environmental  variables  in  the  same  way  in  the  three 
areas. 

A  comparison  of  fit  between  sets  of  regression  equations  that  describe  stocking- 
environmental  relationships  in  partial  cuts  grouped  by  forest  type  or  by  geographic 
area  shows  mixed  results.  Quality  of  fit  was  judged  by  summing  R2  values  for  sets 
of  equations  and  comparing  the  average  variation  accounted  for  per  equation.^ 

On  the  average,  equations  based  on  geographic  area  accounted  for  46,  59,  55, 
and  30  percent  of  the  variation  in  stocking  for  data  from,  respectively,  Applegate, 
Evans,  Galice-Glendale,  and  all  areas  combined  (tables  31-34,  appendix).  Equations 
for  the  Douglas-fir  type  accounted  for  34  percent  of  the  stocking  variation,  and 
those  for  the  pine  type  for  72  percent  (tables  39  and  40,  appendix).  Equations 
based  on  forest  type  would  be  a  better  choice  than  equations  based  on  combined 
geographic  areas.  Use  of  equations  specific  to  individual  areas  would  be 
best,  especially  if  stocking  in  the  Douglas-fir  type  were  the  primary  concern. 

For  clearcuts,  use  of  regression  equations  based  on  data  for  an  individual 
geographic  area  is  clearly  preferable  to  those  based  on  data  for  forest  type.  On  the 
average,  equations  based  on  geographic  area  accounted  for  72,  67,  55,  and  33  per- 
cent of  the  variation  in  stocking  for  data  from,  respectively,  Applegate,  Evans, 
Galice-Glendale,  and  all  areas  combined  (tables  35-38,  appendix).  Equations  for 
the  Douglas-fir  type  accounted  for  34  percent  of  the  stocking  variation,  and  those 
for  the  pine  type  for  67  percent  (tables  41  and  42,  appendix). 

Predicting  Regeneration      Preceding  sections  of  this  report  have  shown  how  present  stocking  associates  with 

or  changes  with  observed  environmental  variables.  But  such  variables  as  total 
ground  cover,  woody  perennials,  and  grass  are  covariates.  They  may  be  absent  or 
be  of  minor  consequence  at  harvest  and  increase  just  as  tree  stocking  does  with 
time.  To  assess  reforestation  possibilities  before  an  area  is  cut,  it  would  be  useful 
to  know  how  prevailing  environmental  variables,  plus  those  whose  levels  are 
regulated  by  the  harvest,  influence  subsequent  regeneration.  For  this  purpose, 
prediction  equations  were  developed  for  subsequent  stocking  based  on  environ- 
mental variables  that  can  be  observed  or  specified  before  harvest.  Eleven 
variables— elevation,  radiation  index,  aspect  index,  slope,  canopy,  duff  and  litter, 
logs  and  wood  and  bark,  Douglas-fir  seed  source,  true  fir  seed  source,  precipita- 
tion, and  undisturbed  seedbed— were  used  in  analyses  for  partial  cuts.  Nine  vari- 
ables were  used  in  analyses  for  clearcuts;  canopy,  Douglas-fir  seed  source,  and 
true  fir  seed  source  were  deleted  from  the  preceding  group,  and  seed  source 
distance  was  added. 

Similar  prediction  equations  are  not  needed  for  advance  regeneration  because  the 
amount  present  at  harvest  or  immediately  after  can  and  should  be  measured 
directly. 

The  most  useful  equations  for  predicting  subsequent  stocking  are  those  based  on 
stocking  data  grouped  by  individual  area.  On  the  average,  equations  based  on  data 


"'Precise  comparison  of  R2  values  is  not  possible  because  equa- 
tions representing  forest  types  have  a  broader  base  than  those 
for  the  individual  geographic  area. 
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for  the  Douglas-fir  type  (tables  43  and  44,  appendix)  and  on  combined  data  for  all 
three  geographic  areas  (tables  45  and  46,  appendix)  account  for  little  of  the  total 
variation  in  stocking — only  18  to  28  percent.  In  contrast,  the  average  amount  of 
variation  accounted  for  by  equations  based  on  data  for  an  individual  area  ranges 
from  31  to  63  percent.  If  pine  areas  were  of  primary  interest,  use  of  equations 
based  on  data  for  the  pine  types  would  be  advised  as  those  equations  account  for 
62  to  78  percent  of  the  total  variation  in  stocking. 

Equations  based  on  the  pine  type  might  have  broader  applicability  than  those 
based  on  an  individual  geographic  area  because  the  origin  of  a  forest  type  and  its 
perpetuation  seem  directly  related  to  the  mix  of  environmental  conditions  that 
prevail.  Hence,  stocking-environmental  relationships  found  important  in  one  part  of 
a  type  could  reasonably  be  expected  to  prevail  throughout  the  type. 

Area-specific  equations  for  clearcuts  are  substantially  better  than  their  counterparts 
for  partial  cuts — more  of  the  total  variation  in  stocking  is  accounted  for  based  on 
comparisons  of  R2  averages  (31  to  50  vs.  45  to  63  percent).  In  both  partial  cuts 
and  clearcuts,  the  lowest  average  R2  values  were  those  for  the  Galice-Glendale 
area;  the  highest  were  for  Evans  partial  cuts  and  Applegate  clearcuts.  Most  for- 
mulas account  for  enough  variation  to  be  a  reasonable  predictive  tool,  but  some  for 
partial  cuts  are  not  likely  to  prove  useful.  Most  equations  require  data  on  only  two 
to  four  environmental  variables. 


Forest  Management 
Applications 


A  comprehensive  analysis  of  reforestation  status  and  relationships  provides  first  ap- 
proximations for  management  and  serves  to  clarify  or  pinpoint  problems  that  need 
to  be  solved.  The  broad  implications  of  study  results  are  emphasized  in  these  inter- 
pretations; mention  of  how  results  relate  to  reforestation  principles  observed 
elsewhere  are  mostly  incidental. 


Silvicultural  Units 


The  Applegate,  Evans,  and  Galice-Glendale  areas  differ  to  various  degrees  in  their 
geography,  climate,  forest  communities,  and  reforestation  environments.  The  con- 
trasts are  not  as  great  among  these  areas  as  they  are  between  the  Dead  Indian 
and  Butte  Falls  areas  (Stein  1981).  But  the  stocking  differences  revealed  in  group- 
ing data  by  location  and  the  dissimilarities  among  areas  in  correlations  and  regres- 
sions found  to  relate  significantly  to  stocking  indicate  that  the  areas  are  different 
with  respect  to  reforestation.  Variation  in  stocking  among  localities  may  reflect  more 
than  the  effects  of  intrinsic  environmental  differences — there  are  differences,  too,  in 
historical  uses,  proximity  to  population  centers,  harvesting  practices,  fire  history, 
and  reforestation  efforts.  These  can  also  influence  regeneration  results.  Evaluation 
of  the  effects  of  all  such  factors  was  beyond  the  scope  of  this  survey. 


Because  of  the  differences  among  geographic  areas,  silvicultural  practices  need  to 
be  applied  more  flexibly  than  they  have  been  in  the  past.  The  variability  of  environ- 
mental conditions  and  regeneration  responses  found  within  geographic  areas 
should  also  be  given  greater  attention.  Each  area  contains  a  range  of  sites  from 
dry,  sparsely  forested  inland  valleys  to  moist,  densely  forested  uplands.  The  eleva- 
tion span  in  Applegate,  in  particular,  ranges  from  dry  lowlands  to  conditions  assoc- 
iated with  upper  slope  forests.  That  varied  conditions  within  individual  geographic 
areas  affect  regeneration  response  is  borne  out  by  significant  correlations  and 
regressions  and  by  demonstrated  differences  in  stocking  averages  among  soil 
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depths,  among  ranges,  and  among  adjacent  stream  drainages.  The  contrast  be- 
tween medium  stocking  of  clearcuts  in  the  Applegate  River  drainage  and  high 
stocking  of  clearcuts  in  nearby  Williams  Creek  is  probably  the  most  extreme,  but 
limited,  example. 

Though  stocking  in  the  cuttings  sampled  was  generally  quite  good,  there  are  op- 
portunities to  achieve  even  better  results.  A  careful  demarcation  of  lands  where  the 
same  silvicultural  practices  appear  appropriate  would  be  a  good  starting  point.  The 
boundaries  for  geographic  areas,  as  drawn  by  the  District  and  roughly  followed  in 
this  survey,  encompass  a  wide  range  of  site  and  stand  conditions.  These  boun- 
daries are  convenient  administratively,  but  they  blur  rather  than  delineate  condi- 
tions and  variations  that  are  important  silviculturally. 

Forest  type  and  soil  series  are  existing  delineations  that  are  associated  with  dif- 
ferences in  regeneration  response.  There  are  differences  between  regeneration  pre- 
sent in  the  pine  types  and  in  the  Douglas-fir  type.  But  the  Douglas-fir  type,  in  par- 
ticular, encompasses  too  wide  a  range  of  conditions  to  be  treated  silviculturally  as 
a  homogeneous  entity.  Delineating  sites  on  the  basis  of  soil  series  probably 
represents  too  much  fragmentation  for  efficient  management,  but  grouping  sites 
that  occur  on  similar  soil  series  or  grouping  them  by  such  broad  soil  classes  as  of 
volcanic,  granitic,  and  metamorphic  origin  may  prove  useful.  The  influence  of  soil 
depth  on  regeneration  level  seems  confounded  or  overridden  by  other  factors  as  lit- 
tle difference  in  stocking  was  found  on  soils  of  shallow  and  medium  depth.  This  is 
precisely  where  one  would  expect  the  greatest  differences,  rather  than  between 
medium  and  deep  soils. 

Subdivision  of  forest  types  into  more  discrete  vegetative  communities  is  probably 
necessary  for  intensive  application  of  silvicultural  and  reforestation  practices.  There 
are,  fortunately,  some  logical  delineations  already  apparent  that  can  be  used  now 
before  maps  showing  habitat  types  or  similar  vegetative  dolineations  become 
available  and  long  before  such  units  are  calibrated  in  terms  of  regeneration 
response.  Some  obvious  ones  include: 

1.  Upper  slope  forests  recognizable  primarily  on  the  basis  of  elevation  and  the  in- 
creasing prominence  of  true  firs.  Results  of  regeneration  studies  in  the  Dead  In- 
dian area  and  in  other  upper  slope  stands  are  probably  applicable  at  upper 
elevations  in  the  western  part  of  the  District,  particularly  in  the  Applegate  area. 

2.  Valley  bottoms  and  foothills  where  cold  air  drainage  magnifies  frost  problems, 
hardwoods  and  chaparral  compete  vigorously  with  conifers,  and  summer 
moisture  is  marginal.  A  geologic  and  floristic  perspective  on  the  current  and 
former  extent  of  chaparral  in  southwestern  Oregon  is  given  by  Detling  (1961). 
Some  of  the  data  on  vegetation  patterns  developed  by  Whittaker  (1954,  1960) 
pertain  to  foothill  stands;  much  of  his  data  bear  directly  on  conditions  in  the 
western  part  of  the  Applegate  area. 

3.  Serpentine  areas  have  unique,  often  sparse,  plant  communities  (Whittaker  and 
others  1954).  Such  sites  are  readily  identifiable  and  require  special  evaluation  to 
determine  their  suitability  for  and  level  of  timber  management. 
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4.  Eastern  and  western  Siskiyous  have  notably  different  vegetation  complexes  (War- 
ing 1969).  Waring's  delineation  bisects  the  Applegate  area  from  west  of  Grants 
Pass  diagonally  southeastward.  The  information  developed  on  forest  environ- 
ments and  vegetative  communities  in  the  eastern  Siskiyous  should  prove  very 
useful. 

5.  Port-Orford-cedar  occurrence  may  also  provide  a  basis  for  broad  delineation  of 
vegetation  in  western  parts  of  the  Applegate  and  Galice-Glendale  areas.  There 
are  noticeable  differences  in  environmental  conditions  where  this  species  does 
or  does  not  occur  Absence  of  Port-Orford-cedar  and  several  other  tree  species 
were  included  in  criteria  for  delineating  eastern  and  western  Siskiyous  (Waring 
1969). 

Regeneration  practices  can  be  improved  by  heeding  the  environmental  clues  im- 
plied by  the  above  vegetational  delineations  and  by  others  that  can  be  readily  iden- 
tified through  careful  and  systematic  observations.  Contemporary  examples  of  ef- 
forts to  relate  regeneration  responses  to  environmental  factors,  area  by  area,  are 
those  for  a  core  Applegate  area  (Minore  and  others  1982),  for  Hungry-Pickett 
(Graham  and  others  1982),  and  for  Illinois  Valley  (Minore  and  others  1984).  As 
regeneration  experiences  accumulate  in  such  delineated  subdivisions,  refinements 
can  be  made  in  reforestation  practices. 

iterpreting  Stocking  Stocking  values  generally  express  actual  stocking  as  a  percentage  of  full  stocking. 

'ata  Consequently,  full  stocking  must  be  defined  before  the  true  significance  of  ob- 

served stocking  values  can  be  assessed.  By  agreement  among  participants  at  the 
start  of  this  study,  full  stocking  was  set  at  250  uniformly  distributed  trees  per  acre 
(618  per  ha).  This  standard  can  be  met  if  one  countable  tree  is  present  on  every 
4-milacre  (0.00162-ha)  subplot  examined. 

In  the  stocked  quadrat  sampling  system,  only  one  countable  tree  must  be  present 
for  a  4-milacre  plot  to  be  stocked  (Stein  1978,  1984).  Hence,  a  stocking  value  of  50 
percent  means  that  at  least  125  well-distributed  trees  are  present  per  acre  (310  per 
ha).  The  system  produces  a  minimum  figure;  it  is  strongly  oriented  toward  evalua- 
tion of  tree  distribution,  not  total  numbers.  Where  trees  are  uniformly  distributed  as 
in  a  plantation,  stocking  may  closely  reflect  the  total  number  present.  Not  so  for 
natural  regeneration  or  mixes  of  artificial  and  natural  regeneration.  In  natural 
regeneration,  50-percent  stocking  might  mean  nearly  400  trees  per  acre  (990  per 
ha)  and  85-percent  stocking  over  1,200  trees  per  acre  (2  965  per  ha)  (Sever  and 
Lavender  1955).  The  conversion  curve  used  in  this  example  was  developed  from 
data  for  natural  regeneration  in  clearcuts  of  western  Oregon  and  may  not  be  fully 
applicable  in  partial  cuts.  TJne  comparisons  indicate,  however,  what  stocking  data 
mean  in  terms  of  total  trees  per  acre. 

If  stocked  and  nonstocked  plots  are  well  interspersed,  50-percent  stocking  can  pro- 
duce a  good  stand;  if  they  are  not,  part  of  the  sampled  area  will  be  well  stocked  or 
overstocked  and  part  of  the  area  will  be  short  of  trees. 
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Regeneration  in  Throughout  this  paper,  forest  stands  from  which  some  overstory  had  been  removed 

Partial  Cuts  through  harvest  have  been  called  partial  cuts,  not  shelterwoods.  This  was  done 

deliberately  because  many  partially  cut  stands  did  not  qualify  as  shelterwoods  in 
the  full  technical  sense  of  that  term.  Instead,  they  were  the  product  of  an  initial  cut 
in  virgin  old-growth  forest  of  varied  composition,  density,  age  class,  and  size.  Many 
stands  had  had  an  open  overstory  for  a  long  time  before  harvest,  which  fostered 
advance  regeneration.  Some  stands  were  cluttered  with  overly  dense  advance 
regeneration;  others  with  a  more  uniform  and  heavy  canopy  were  relatively  bare 
underneath.  Thus,  stocking  data  reflect  the  regeneration  present  in  a  wide  range  of 
postharvest  stand  conditions  rather  than  in  uniform  stands  whose  nature  can  be 
defined  readily. 

The  partial  cutting  done  in  the  Medford  District  between  1956  and  1971  when  the 
stands  sampled  in  this  survey  were  created  has  been  referred  to  as  a  "three-stage 
shelterwood."  A  first  cut  to  open  up  the  stand  was  to  be  followed  by  a  second  cut 
in  10  years  and  a  final  cut  in  another  10  years.  The  second  cut  was  intended  to 
foster  regeneration.  According  to  the  records,  only  one  of  the  stands  sampled  had 
received  a  second  cut  (in  Applegate).  This  stand  was  well  stocked  and  data  from  it 
were  included  in  all  summaries. 

Achievement  of  a  specified  basal  area,  composition,  or  distribution  of  overstory  did 
not  appear  to  have  been  among  primary  objectives  for  the  first  cut.  In  some 
stands,  scattered  single  trees  had  been  removed,  leaving  a  reasonably  uniform  and 
rather  dense  overstory;  in  others,  small  clearings  were  interspersed  with  nearly  un- 
thinned  canopy.  Some  stands  were  opened  up  drastically;  nine  of  those  sampled 
had  30-percent  canopy  or  less  (minimum,  19  percent).  Seven  of  these  stands  were 
well  stocked;  two  were  moderately  stocked.  A  good  choice  of  seed  trees  was  readi- 
ly evident  in  some  partial  cuts;  in  others,  the  adequacy  of  the  remaining  seed 
source  was  much  in  doubt.  In  summary,  the  partial  cuts  sampled  had  a  large 
amount  of  variability  before  cutting,  they  were  not  necessarily  made  more  uniform 
by  the  first  cut,  and  all  but  one  were  sampled  before  the  second  or  "regeneration" 
cut  had  been  made. 

Even  though  sampling  occurred  before  the  "regeneration"  cut,  substantial 
regeneration  was  found  in  partial  cuts.  In  fact,  82  of  the  87  plots  examined  in  Ap- 
plegate, Evans,  and  Galice-Glendale  partial  cuts  had  50-percent  total  stocking  or 
more,  all  of  natural  origin.  Four  of  the  five  plots  with  less  than  50-percent  stocking 
were  in  Applegate;  the  other  one  was  in  Galice-Glendale.  Characteristics  of  these 
plots  included:  a  range  in  average  canopy  from  37  to  51  percent;  in  elevation  from 
2,330  to  3,350  feet  (710  to  1  021  m);  in  aspect  from  northwest  to  east;  in  slope  from 
38  to  64  percent;  and  in  time  since  harvest  from  2  to  8  years.  The  oldest  plot  had 
the  least  stocking— 30  percent.  In  most  partial  cuts,  the  regeneration  already  pres- 
ent could  be  rated  as  satisfactory  if  stocking — the  presence  of  live  trees — were  the 
sole  criterion.  The  situation  is  not  that  clear,  however. 
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The  vigor  and  growth  of  advance  and  subsequent  stocking  need  improvennent  in 
many  partial  cuts.  Field  notes  for  nearly  half  of  all  partial  cut  plots  contain  com- 
ments on  the  lack  of  vigor  or  growth  of  advance  or  subsequent  seedlings  or  of 
both.  An  accompanying  observation  was  also  made  over  and  over  again — that  oc- 
currence and  growth  of  subsequent  regeneration  were  far  better  on  disturbed 
seedbeds  than  on  undisturbed  seedbeds.  Excerpts  from  the  field  notes  serve  to 
emphasize  these  common  observations  on  seedling  occurrence  and  growth: 

1.  The  majority  of  stocking  is  advance  growth  of  very  poor  vigor.  Some  10-year-old 
seedlings  are  under  1  foot  (0.3  m)  in  height.  With  a  few  exceptions,  logging  did 
not  release  advance  stocking  because  of  the  hardwood  understory  (Applegate 
area). 

2.  Most  stocking  is  vigorous  but  some  is  suppressed  by  brush  and  hardwoods 
(Applegate  area). 

3.  Although  total  stocking  is  100  percent,  most  is  advance  stocking  of  generally 
poor  vigor  and  quality.  What  subsequent  stocking  there  is  is  also  of  poor  vigor; 
the  only  good  seedlings  were  in  the  skid  roads  (Applegate  area). 

4.  None  of  the  stocking  seems  to  be  growing  vigorously.  Some  ponderosa  pine 
seedlings  are  also  present  but  not  in  the  quantities  you  would  expect  consider- 
ing the  availability  of  seed  (Evans  area). 

5.  Stocking  is  moderate  with  some  large  holes — most  gaps  are  on  mineral  soil  with 
a  heavy  cover  of  Ceanothus  integerrimus.  Vigor  of  seedlings  varies;  the  best 
growth  occurs  on  disturbed  sites  with  fairly  open  canopy  (Evans  area). 

6.  Heavy  advance  stocking,  most  with  moderate  vigor,  some  with  poor  vigor.  Most 
subsequent  stocking  is  in  disturbed  sites;  subsequent  stocking  on  undisturbed 
sites  is  generally  of  poor  vigor  (Galice-Glendale  area). 

7.  Seedlings  mainly  on  skid  roads  (Galice-Glendale  area). 

Overly  dense  stocking  of  advance  regeneration,  dense  residual  overstory,  suppres- 
sion from  overtopping  brush  and  hardwoods,  and  heavy  vegetative  competition 
were  some  of  the  factors  commonly  associated  with  low  vigor  and  slow  growth  of 
regeneration.  These  factors  must  be  modified  before  acceptable  seedling  develop- 
ment can  occur  in  many  partial  cuts. 

iole  of  Advance  Advance  regeneration  was  abundant  in  the  Applegate,  Evans,  and  Galice-Glendale 

©generation  partial  cuts.  Stocking  of  advance  regeneration  in  the  three  areas  averaged  51  per- 

cent (table  15,  appendix),  and  advance  regeneration  dominated  59  percent  of  all 
stocked  subplots.  Immediately  after  the  initial  cut,  47  of  the  87  partial  cuts  sampled 
(54  percent  of  the  area  represented)  were  at  least  50-percent  stocked  with  advance 
regeneration  alone;  37  percent  were  at  least  70-percent  stocked  (table  17,  appen- 
dix). Before  the  initial  cut,  an  even  greater  percentage  of  the  partial  cut  acreage 

j  probably  had  50-percent  stocking  or  greater  of  advance  regeneration.  Efforts  to 

save  advance  regeneration  were  evident  in  some  partial  cuts,  but  in  many  there 

I  was  no  evidence  that  felling  or  skidding  practices  had  been  modified  for  that  pur- 

pose. Furthermore,  the  pattern  of  overstory  removal  was  often  less  than  optimum 
for  release  of  advance  regeneration. 
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Figure  17— The  regeneration  establishment  period  can  be 
bypassed  if  adequate  amounts  of  advance  regeneration  can  be 
protected  while  removing  the  overstory. 


Many,  but  not  all,  trees  comprising  advance  regeneration  are  potential  crop  trees. 
Observations  that  advance  regeneration  responded  to  release  appear  repeatedly  in 
the  field  notes,  and  there  is  independent  supporting  evidence  that  advance 
regeneration  will  respond  to  release  (Hallin  1959,  Helnns  and  Standiford  1985).  The 
stand  establishment  period  can  be  bypassed  and  a  long  step  taken  into  the  next 
rotation  if  adequate  amounts  of  suitable  advance  regeneration  can  be  protected 
during  a  relatively  short  conversion  period  (fig.  17). 

An  arbitrary  10-year  reentry  cycle  does  not  meet  the  silvical  needs  of  stands  with 
abundant  advance  regeneration.  Complete  removal  of  scattered  overstory  is 
desirable  in  the  first  cut  when  an  area  is  already  adequately  stocked.  Felling  and 
skidding  direction  should  be  controlled  to  minimize  damage  during  removal  of 
overstory  from  regeneration  thickets  where  it  no  longer  serves  a  useful  purpose.  To 
accomplish  this  on  the  steeper  slopes  without  inflicting  excessive  damage  to  the 
regeneration  is  a  real  challenge.  But  that  challenge  must  be  met  sooner  or  later 
during  use  of  the  shelterwood  system.  So  the  learning  process  might  as  well  start 
right  away  on  areas  already  adequately  stocked. 
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If  adequate  stocking  of  regeneration  is  the  guiding  criterion,  residual  overstory 
should  be  removed  promptly  from  much  of  the  partially  cut  acreage.  At  time  of 
sampling,  78  percent  of  the  partial  cut  plots  had  70-percent  stocking  or  greater 
from  a  combination  of  advance  and  subsequent  regeneration.  The  stocking  is  suffi- 
cient if  it  is  of  good  quality  and  is  preserved  during  overstory  removal. 

Nearly  half  of  the  partial  cuts  are  already  overstocked.  Total  stocking  was  90  per- 
cent or  greater  on  41  of  the  87  partial  cuts  sampled.  At  this  stocking  level,  natural 
regeneration  might  average  1,400  trees  per  acre  (3,460  per  ha)  (Bever  and 
Lavender  1955).  Some  of  the  poor  growth  noted  was  the  result  of  excessive  numbers 
of  saplings.  Because  accretion  of  seedlings  continues  in  partial  cuts,  additional 
acreage  will  soon  become  overstocked.  Adequacy  of  regeneration  should  be 
assessed  periodically  in  partial  cuts  so  that  overstory  is  removed  on  a  timely  basis, 
seedling  accretion  is  halted,  and  the  new  stand  is  fully  released. 

Growth  of  advance  regeneration  could  often  be  enhanced  by  thinning  as  soon  as 
the  regeneration  has  stabilized  after  removal  of  the  overstory.  There  is  some 
danger  that  newly  exposed  stems  may  sunscald  if  overstory  removal  is  too  sudden 
and  drastic.  Little  such  damage  was  noted,  but  neither  was  any  emphasis  placed 
on  taking  note  of  it.  Risks  of  exposure  damage  could  be  assessed  readily  and 
rapidly  on  the  variety  of  released  regeneration  already  available. 

Overstory  mortality  from  exposure,  growth  rate  of  residual  trees  and  stands,  spread 
of  mistletoe  from  mature  trees  to  regeneration,  damage  caused  by  successive  en- 
tries into  the  stand,  stimulation  of  hardwood  and  brush  competition,  and  other  fac- 
tors are  important  elements  of  a  decision  to  foster  regeneration  through  use  of 
shelterwood.  Their  evaluation  was  not  within  the  scope  of  this  study. 

Regeneration  in  Total  stocking  in  clearcuts  averaged  almost  as  much  as  in  partial  cuts— 77  vs.  81 

,/learcuts  percent  (table  15,  appendix).  Likewise,  almost  the  same  amount  of  clearcut  acreage 

had  at  least  50-percent  stocking— 89  vs.  94  percent;  70  vs.  78  percent  was  well 
stocked.  Only  five  plots  did  not  have  50-percent  total  stocking;  two  were  located  in 
the  Applegate  area  on  northeast  aspects,  one  in  the  Evans  area  on  a  northwest 
aspect,  and  two  in  the  Galice-Glendale  area  on  southerly  aspects.  These  five  plots 
had  in  common  that  they  were  on  moderate  to  steep  slopes,  were  cable-logged  in 
the  early  1960's,  had  a  1-  to  3-year  gap  between  time  of  logging  and  any  planting, 
and  now  had  a  heavy  cover  of  brush.  They  were  in  the  Douglas-fir  forest  type  but 
were  widely  scattered,  at  different  elevations,  on  four  different  soil  series,  and  three 
had  been  broadcast  burned  and  one  spot  burned.  Direct  seeding  was  tried  on  two 
plots  before  any  planting  was  done;  and  on  at  least  two  plots  plantings  were 
minimal— at  10-  by  10-  and  12-  by  12-foot  (3.0-  by  3.0-  and  3.7-  by  3.7-m)  spacings. 
Serious  animal  damage  was  also  noted  on  three  of  the  areas.  A  prompter 
regeneration  effort  and  planting  at  denser  spacing  are  required  on  clearcuts  under 
currently  recommended  reforestation  practices. 
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In  the  Siskiyou  part  of  the  Medford  District,  the  mix  of  reforestation  nnethods  used 
in  clearcuts  from  1956  to  1971  produced  results  similar  to  those  in  partial  cuts. 
Neither  the  overall  stocking  average,  the  averages  for  individual  areas,  nor  the 
various  analyses  examining  associations  between  stocking  and  environmental  fac- 
tors identify  specific  locations  or  situations  where  clearcutting  should  be  avoided. 
Because  some  losses  can  be  expected  when  overstory  is  removed,  the  net  stock- 
ing from  clearcutting  may  eventually  be  equal  to  or  greater  than  that  from  partial 
cutting. 

In  choosing  the  clearcut  system  as  well  as  specific  reforestation  practices,  prudent 
use  should  be  made  of  information  on  where  stocking  was  found  to  be  high  or  low. 
Undue  emphasis  should  not  be  placed,  however,  on  rankings  founded  on  just  a  few 
plots.  For  example,  low  total  stocking  (30  percent)  of  the  same  plot  substantially 
lowered  the  average  for  soil  series  718  represented  by  only  three  plots  and  for  the 
Applegate  River  drainage  represented  by  four  plots.  Correlation  analyses  indicated 
that  stocking  in  clearcuts  tends  to  be  greater  on  slopes  where  radiation  index  is 
low  rather  than  high  (slopes  that  incline  away  from  the  sun  vs.  those  that  do  not), 
and  where  there  are  larger  amounts  of  disturbed  seedbed  available.  An  inverse 
correlation  between  stocking  of  subsequent  regeneration  and  radiation  index  has 
also  been  identified  in  other  studies  (Graham  and  others  1982;  Minore  and  others 
1982,  1984). 

All  clearcuts  sampled  except  one  had  been  planted  or  seeded,  but  artificial 
regeneration  efforts  had  often  been  delayed.  On  half  of  the  clearcuts,  1  to  3  years 
elapsed  between  the  spring  after  harvest  and  the  first  artificial  reforestation  effort. 
On  18  of  the  areas,  the  initial  artificial  reforestation  effort  was  a  broadcast  or  spot 
seeding.  In  all  but  6  of  the  18,  seeding  was  supplemented  by  planting  1  to  5  years 
later.  Consequently,  tree  establishment  was  more  difficult  than  if  clearcuts  had 
been  planted  at  the  first  opportunity.  Such  protracted  reforestation  periods  permit- 
ted heavy  development  of  competing  vegetation  and  build-up  of  animal  populations. 
It  is  not  certain  how  often  site  preparation  of  any  kind  accompanied  delayed 
planting. 

The  regeneration  found  on  clearcuts  was  a  mix  of  advance  and  subsequent 
naturals,  seedlings  from  broadcast  or  seed-spotted  seed,  and  from  planted  nursery 
stock.  Slash  had  been  broadcast  burned  on  14  clearcuts,  spot  burned  on  13  clear- 
cuts,  and  not  burned  on  20  clearcuts.  There  were,  therefore,  substantial  oppor- 
tunities for  advance  regeneration  to  be  a  stocking  component  in  clearcuts. 

Subsequent  regeneration  was  classified  as  from  natural  seedfall,  seeding,  or  plant- 
ing, but  identification  was  not  absolutely  certain  on  some  areas  where  successive 
regeneration  efforts  involved  the  same  species  and  seedlings  of  similar  ages. 
Based  on  the  field  classification  of  individual  seedlings,  six-tenths  of  the  subse- 
quent stocking  that  established  on  clearcuts  was  the  result  of  artificial  reforestation. 
Natural  regeneration  contributed  substantially,  four-tenths  of  the  total,  if  considered 
a  supplement  to  artificial  regeneration.  Stocking  from  natural  regeneration  was  ac- 
tually greater  because  the  two  components  of  subsequent  stocking  overlap  rather 
than  being  additive;  many  individual  subplots  were  stocked  with  both  natural  and 
artificial  regeneration.  Based  on  the  age  of  the  clearcuts  and  the  quantity  of  seed- 
lings less  than  2  years  old  found  during  sampling,  additional  stocking  appears 
unlikely. 
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Survey  data  do  not  adequately  show  how  well  natural  regeneration  alone  or  ar- 
tificial seeding  alone  contributed  to  subsequent  stocking.  The  one  Evans  plot  with 
no  record  of  artificial  reforestation  had  a  total  subsequent  stocking  of  45  percent. 
Six  other  Evans  plots,  whose  records  indicated  that  all  Douglas-fir  regeneration  was 
of  natural  origin,  had  40-  to  80-percent  stocking  of  this  species.  Four  plots  in 
Galice-Glendale,  where  Douglas-fir  seed  was  broadcast,  averaged  73-percent  stock- 
ing for  this  species  (range  60-90).  Thus,  some  clearcuts  reforested  adequately  from 
seed  alone— either  from  natural  seedfall  or  from  broadcast  seeding,  or  both,  but 
most  subsequent  stocking  was  the  result  of  planting  plus  regeneration  from  seed. 
Under  favorable  circumstances,  primary  reliance  might  sometimes  be  placed  on  an 
impending  seed  crop  or  on  broadcasting  of  seed  in  the  Evans  and  Galice-Glendale 
areas. 

Douglas-fir  and  ponderosa  pine  were  the  main  species  planted  or  seeded.  Where 
used,  sugar  pine  was  spot  seeded  (fig.  18).  Jeffrey  pine  was  planted  in  five  loca- 
tions and  white  fir  in  one.  Most  ponderosa  pine  stocking  was  from  planting  or 
seeding  because  seed  trees  of  this  species  were  generally  sparse.  Ponderosa  pine 
is  native  in  many  but  not  all  of  the  locations  in  which  it  was  planted.  It  generally 
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Figure  18. — In  a  few  clearcuts,  sugar  pine  was  established  by 
seedspotting. 
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establishes  readily  but  may  be  damaged  later  by  snow  and  porcupines.  The  ad- 
visability of  establishing  plantations  heavily  dominated  by  ponderosa  pine  is 
discussed  under  "Species  Composition." 

Heavy  brush  competition,  damage  from  animals,  and  lack  of  seedbed  disturbance 
hindered  regeneration  in  clearcuts.  Another  obstacle,  intrinsic  difficulty  in  getting 
regeneration  established,  might  be  inferred  from  repeated  artificial  reforestation  ef- 
forts. Because  of  initial  reliance  on  natural  regeneration,  on  direct  seeding,  or  on 
planting  at  wide  spacing,  accompanied  by  delayed  followup,  the  artificial  reforesta- 
tion efforts  were  not  as  effective  as  they  can  be.  Either  improvement  in  the  timing 
and  choice  of  reforestation  techniques  or  loss  of  stocking  as  clearcuts  get  older 
can  be  implied  by  the  negative  correlations  between  stocking  and  age  of  clearcut 
that  appeared  in  the  statistical  analyses.  Despite  the  obstacles  indicated,  reforesta- 
tion of  clearcuts  has  been  generally  satisfactory.  If  improvements  since  1971  in 
nursery  stock  quality,  handling  practices,  planting  techniques,  site  preparation,  and 
vegetation  control  are  considered,  one  must  conclude  that  for  the  Siskiyou  part  of 
the  District,  reforestation  of  clearcuts,  primarily  by  planting,  should  prove  even 
more  successful  today. 

Species  Composition  Douglas-fir  is  the  dominant  regeneration  in  all  partial  cuts  and  in  Applegate  and 

Galice-Glendale  clearcuts  (figs.  9  and  10).  It  shares  dominance  with  ponderosa 
pine  in  Evans  clearcuts.  There  is  a  good  mix  of  other  species  interspersed  with 
Douglas-fir  in  all  three  areas.  A  preponderant  role  for  true  firs  does  not  seem  to 
have  been  fostered  by  the  partial  cutting  that  has  been  done,  as  was  evident  in 
Dead  Indian  (Stein  1981).  Instances  were  observed  in  partial  cuts  where  Douglas-fir 
and  ponderosa  pine  regeneration  was  sparse  in  relation  to  cones  produced  by  the 
available  seed  source,  whereas  incense-cedar  regeneration  seemed  relatively  abun- 
dant wherever  there  was  any  source  of  seed.  The  impression  was  gained,  too,  that 
much  of  the  pine  seed  source  was  removed  in  the  initial  cut,  which  eliminated  the 
possibility  for  pines  to  be  equitably  represented  in  the  subsequent  regeneration. 

Ponderosa  pine  has  been  planted  in  several  clearcuts  where  it  was  absent  before, 
but  present  in  the  vicinity.  These  plantings  are  vulnerable— the  pine  may  do  fine  or 
it  may  suffer  excessive  damage  from  snow  or  other  causes  before  it  reaches  com- 
mercial size.  The  risk  does  not  seem  too  great  provided  a  mix  of  species  becomes 
dominant,  as  seems  to  be  occurring  in  many  clearcuts  (table  1).  Jeffrey  pine  is  ap- 
propriate for  planting  on  serpentine  areas,  but  planting  it  elsewhere  appears  far 
riskier  than  the  risks  involved  with  extended  planting  of  ponderosa  pine.  There  pro- 
bably is  an  important  ecologic  reason  why  Jeffrey  pine  is  commonly  found  on 
serpentine  soils  but  not  elsewhere  in  southwestern  Oregon. 

A  mix  of  conifers  should  be  the  reforestation  goal  in  most  of  the  Applegate,  Evans, 
and  Galice-Glendale  areas.  Stand  components  should  vary  by  locality;  when  rust- 
resistant  stock  is  available,  sugar  pine  should  often  be  included.  Mixed  stands  are 
recommended  based  on  the  long-term  vegetation  trends  (Detling  1968),  the  struc- 
ture of  present  stands,  and  the  practical  objectives  of  management. 

Management  for  a  mix  of  local  conifers  requires  that  overstory  be  opened  suffi- 
ciently to  permit  serai  species,  such  as  Douglas-fir,  ponderosa  pine,  sugar  pine, 
and  incense-cedar,  to  become  established  and  to  make  good  growth.  Mixed  conifer 
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stands  could  probably  be  established  solely  through  natural  regeneration,  but  re- 
sults might  often  be  slow  and  uncertain.  To  achieve  intensive  forestry,  major  re- 
liance will  have  to  be  placed  on  planting.  The  uneven  distribution  of  desired  seed 
trees,  the  infrequency  and  untimeliness  of  seed  crops,  the  need  for  reforesting  pre- 
pared sites  immediately,  and  the  desirability  of  controlling  species,  genetic  quality, 
and  tree  spacing  all  dictate  that  reforestation  not  be  left  solely  to  "Mother  Nature." 
It  is  certain,  however,  that  natural  regeneration  will  supplement  the  basic  stocking 
established  in  clearcuts  by  artificial  reforestation.  Control  of  species  and  time  of 
regeneration  establishment  may  also  be  desirable  in  shelterwoods  where  advance 
regeneration  is  not  abundant.  Underplanting  appears  desirable  in  some  shelter- 
woods  followed  by  careful  evaluation  of  results. 


Stand  Prescriptions 


No  single  harvesting  system  should  be  designated  as  standard  for  the  varied 
stands  in  the  Applegate,  Evans,  and  Galice-Glendale  areas.  Silvicultural  practices 
need  to  be  applied  almost  on  an  acre-by-acre  basis.  Some  stands  need  to  be  left 
untouched  for  a  while  to  develop;  sapling  and  pole  patches  need  complete  release 
from  overstory;  and  dense  stands  need  either  a  salvage  cut,  a  shelterwood  cut,  or 
clearcutting.  For  shelterwoods,  the  suitability  and  vigor  of  prospective  leave  trees 
need  careful  scrutiny  to  minimize  the  scattered,  unpredictable  mortality  that  follows 
every  harvest  entry.  Such  scrutiny  should  include  a  search  for  mistletoe  in  the 
overstory  and  advance  regeneration  to  prevent  perpetuation  of  infected  stands. 


The  first  step  needed  to  get  this  mosaic  of  forest  stands  under  intensive  manage- 
ment is  to  define  specific  goals  (stocking,  species  mix,  and  so  forth),  area  by  area. 
The  silvicultural  alternatives  available  to  attain  the  goals  should  then  be  consid- 
ered, and  the  most  suitable  ones  chosen.  The  technical  basis  for  that  choice 
should  be  written  out.  This  facilitates  review  by  subject  matter  specialists;  more  im- 
portant, it  provides  the  vital  communication  needed  to  maintain  on-the-ground 
direction  and  continuity.  A  written  stand  prescription  forms  the  basis  for  action  and 
provides  a  target  for  periodic  measurement  of  progress. 


Use  of  Correlations  and 
Equations 


Many  correlations  and  equations  are  included  in  this  report.  These  were  the  basis 
for  some  of  the  conclusions  and  recommendations,  but  their  inclusion  serves 
another  major  purpose.  They  are  working  tools  the  silviculturist  can  use. 


The  regression  equations  describe,  by  separate  regeneration  categories,  stocking 
patterns  that  may  not  be  discernible  when  individual  stands  are  viewed.  Each 
equation  shows,  for  a  particular  area  or  forest  type,  the  environmental  variables 
that  surfaced  as  most  important  in  the  mathematical  analysis  of  the  stocking  data. 
The  variables  are  listed  iri  order  of  importance,  and  the  fraction  of  the  total  varia- 
tion accounted  for  (cumulative  R^)  is  shown.  The  numerical  values  are  unique  to 
the  equation  as  listed— delete  or  add  one  variable  and  a  different  set  of  values  ap- 
plies. The  plus  and  minus  signs  in  the  equation  do  not  indicate  for  certain  whether 
individual  variables  had  a  positive  or  negative  association  with  stocking;  this  infor- 
mation is  given  by  the  correlation  coefficients  for  single  variables. 

Neither  regression  equations  nor  correlation  coefficients  identify  actual  biological 
cause-effect  relationships  between  environmental  variables  and  stocking.  They  con- 
stitute tests  of  association — that  a  dependent  variable  (stocking)  and  one  or  more 
independent  variables  are  varying  in  concert,  either  directly  or  inversely.  Biological 
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inferences  may  be  drawn  from  associations  found  significant,  provided  the  basis  for 
a  cause-effect  relationship  has  already  been  established  independently;  such  rela- 
tionships are  not  proved  just  because  certain  associations  are  shown  to  exist. 

The  correlation  coefficients  should  prove  useful  in  preparing  prescriptions  for 
establishment  of  particular  species  or  species  mixes.  The  sign  of  its  correlation 
coefficient  indicates  whether  stocking  was  positively  or  negatively  associated  with 
each  environmental  variable  listed.  For  example,  stocking  of  subsequent  Douglas-fir 
in  Applegate  was  shown  to  be  negatively  associated  with  increases  in  canopy,  duff 
and  litter,  and  undisturbed  seedbed  (table  26,  appendix).  If  the  silviculturist  wants 
to  favor  establishment  of  Douglas-fir,  the  prescription  for  natural  regeneration 
should  call  for  a  sparse  canopy  and  good  disturbance  of  seedbed.  Perhaps  not  all 
applicable,  significant  variables  can  be  accommodated  in  a  prescription  for  one 
species,  much  less  for  a  mix  of  species.  But  by  giving  attention  particularly  to 
associations  that  are  common  to  more  than  one  species,  forest  type,  or  area,  the 
silviculturist  has  guidance  based  on  past  local  performance  that  is  much  better 
than  guesswork. 

In  using  these  regressions  and  correlations,  silviculturists  must  keep  in  mind  limita- 
tions of  the  data  base.  The  data  for  partial  cuts  are  from  stands  subjected  to  one 
entry  which  left  19  to  80  percent  canopy  (table  4).  Variability  of  the  original 
overstory  was  great,  no  marking  rule  was  applied  systematically,  and  all  regenera- 
tion had  established  naturally.  The  data  for  clearcuts  are  from  older  areas  with  a 
varied  history  of  planting  and  seeding.  Artificial  regeneration  efforts  were  often 
delayed  several  years.  None  of  the  equations  reflect  what  may  be  possible  with  the 
most  up-to-date  site  preparation  and  reforestation  technology,  but  one  might 
reasonably  expect  that  most  of  the  same  variables  would  have  a  strong  influence. 

An  Overview  This  study  was  initiated  because  there  were  broad  and  critically  important  ques- 

tions about  the  effectiveness  of  silvicultural  practices  used  by  the  Medford  District 
to  establish  regeneration.  Results  reported  in  this  paper  and  in  Research  Paper 
PNW-284  (Stein  1981)  comprise  a  comprehensive  and  detailed  evaluation  of  the 
regeneration  produced  by  past  silvicultural  practices.  Opportunities  for  improvement 
are  evident  from  the  data  as  well  as  from  the  foregoing  interpretive  remarks.  But 
beyond  the  actual  study  results,  there  is  a  broader  arena  where  technical,  prac- 
tical, and  philosophical  considerations  need  melding  because  the  overall  approach 
has  an  important  bearing  on  regeneration  success.  Such  matters  are  discussed  in 
the  next  few  paragraphs. 

When  selecting  silvicultural  systems,  better  use  should  be  made  of  existing 
information— the  accumulated  experiences  available  in  District  files,  among  practi- 
tioners, in  the  literature,  plus  the  record  on  the  ground.  A  keen  observer  can  learn 
much  from  the  large  variety  of  overstory  conditions  and  regeneration  results 
already  available.  Bluntly  stated,  it  is  silviculturally  unsound  to  apply  only  the 
shelterwood  system  or  only  the  clearcut  system  when  dealing  with  forests  on  the 
District  that  vary  immensely  in  species  composition,  age  classes,  densities,  topog- 
raphy, soils,  climate,  vegetative  competition,  and  many  other  factors.  Judicious 
use  must  be  made  of  all  systems  by  foresters  who  have  a  good  technical  back- 
ground, information  from  local  studies,  and  an  intimate  knowledge  of  conditions  on 
the  ground. 
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A  flexible  approach  is  also  needed  in  choice  of  system  components — to  broadcast 
burn,  spot  burn,  or  not  burn  slash;  to  remove  or  not  remove  overstory  hardwoods; 
to  treat  or  not  treat  hardwood  stumps  to  prevent  sprouting;  to  rely  on  natural 
regeneration  or  to  regenerate  artifically  with  which  species  and  what  size  of  stock; 
to  permit  or  prevent  overtopping  of  crop  trees  by  competing  vegetation,  and  by 
what  means;  and  so  forth. 

Sufficient  information  and  experience  are  now  available  to  provide  direction  for 
placing  these  virgin  forests  under  silvicultural  management.  Certainly,  not  all  the 
answers  are  available — nor  will  they  ever  be!  A  rotation  from  now,  alert  foresters 
will  still  be  asking  more  technical  questions  than  anyone  has  answers  for. 
Research  can  and  should  supply  more  answers  than  are  now  available,  but  all  of 
the  answers  and  guidelines  will  only  assist,  not  substitute  for  judgments  that  must 
be  made  on  the  ground.  Silviculture  is  a  science  and  an  art  that  must  be  practiced 
locally,  area  by  area,  using  the  best  information  that  is  available.  Where  information 
is  scarce,  conservative  approaches  and  trials  are  called  for  rather  than  inaction, 
otherwise  the  needed  experience  may  never  develop. 

In  total,  the  data  from  this  survey  indicate  that  past  silvicultural  practices  have 
yielded  reasonably  good  regeneration  establishment  on  most  of  the  District.  To  a 
degree,  the  data  are  deceptive— they  confirm  that  healthy  live  trees  are  in  place 
but  provide  little  indication  as  to  how  well  these  trees  are  developing  to  form  fast- 
growing  stands.  Field  notes  clearly  indicate  that  some  of  the  regeneration  is  grow- 
ing slowly,  needs  release  from  brush  or  overstory,  or  needs  thinning.  Limited  sup- 
plemental data  taken  in  the  Siskiyou  areas  may  indicate  how  fast  dominant  trees 
on  stocked  plots  are  growing,  but  they  will  not  indicate  what  the  potential  might  be 
if  more  intensive  regeneration  practices  were  used.  Knowledge  of  growth  rates  ob- 
tainable by  the  methods  used  and  by  alternate  methods  is  vital  if  the  projected 
benefits  of  intensive  forestry  are  to  be  realized. 

Regeneration  practices  can  be  improved  to  yield  higher,  more  uniform  stocking, 
and  faster  seedling  growth.  A  number  of  ways  to  improve  practices  are  well  known, 
and  improvements  over  past  practices,  which  involved  much  trial  and  error,  have 
already  been  made.  Intensive  reforestation  practices  are  costly,  but  unsuccessful 
reforestation  attempts  are  even  more  costly.  Hence,  a  primary  goal  must  be  to 
employ  a  sufficiently  intense  reforestation  method  to  consistently  guarantee  mini- 
mum success.  Added  increments  of  effort  then  depend  on  what  can  be  realized  in 
added  growth  and  other  benefits.  Much  administrative  and  research  information 
must  still  be  developed  before  returns  are  known  for  such  incremental  efforts. 
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Figure  19— Growth  of  perennial  vegetation  must  be  curbed 
in  many  areas  if  tree  seedlings  are  to  survive  and  grow 
satisfactorily. 


Broadly  speaking,  improved  vegetation  management  is  the  best  means  for  improv- 
ing regeneration  survival  and  growth  (fig.  19).  Opportunities  for  improvement  start 
with  manipulation  of  the  initial  stand — the  amount,  distribution,  and  composition  of 
overstory  left  uncut  in  shelterwoods,  and  the  level  of  residual  trees  and  brush 
allowed  to  remain  in  clearcuts.  Timely  establishment  of  regeneration  is  important. 
So  important  that  little  delay  can  be  tolerated,  perhaps  even  in  shelterwoods.  A 
viewpoint  expressed  long  ago  for  clearcuts  in  southwestern  Oregon  has  stood  the 
test  of  time  (Stein  1955): 

The  single  most  important  thing  forest  managers  can  do  to  minimize 
difficulties  in  obtaining  artificial  regeneration  is  to  reforest  cutover  areas 
promptly.  Rodents,  cutworms,  and  competing  vegetation  are  at  their 
lowest  concentration  immediately  after  a  tract  has  been  logged  and 
burned.  Each  succeeding  year  increases  the  difficulties  that  must  be 
overcome  to  obtain  adequate  stocking  of  the  cutover  tract. 
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Finally,  reforestation  areas  and  newly  regenerated  stands  must  receive  continuing 
attention.  Too  often,  a  reforestation  effort  has  become  less  effective  than  it  could 
have  been  because  failed  areas  were  not  detected  soon  enough,  damage  to  trees 
was  not  prevented,  and  growth  of  hindering  vegetation  was  not  held  in  check.  It  is 
not  certain  that  past  replanting  efforts  were  either  timely  or  accompanied  by 
appropriate  vegetation  control.  Keeping  reforestation  records  updated,  making 
periodic  examinations  as  scheduled,  and  tending  to  plantation  needs  promptly  are 
vital  parts  of  good  reforestation  practice. 


roblems  to  Solve 


As  in  every  other  forested  area,  there  are  reforestation  problems  to  solve  in  the  Ap- 
plegate,  Evans,  and  Galice-Glendale  areas.  These  problems  may  loom  large  locally 
but  need  to  be  viewed  in  perspective.  The  forest  conditions  in  the  western  part  of 
the  Medford  District  are  no  hotter  and  drier  than  they  are  farther  east  or  south 
where  the  same  forest  types  grow  in  southern  Oregon  and  northern  California. 
Forests  have  established  here  naturally  and  in  abundance;  by  understanding  the  in- 
fluencing variables  sufficiently,  silviculturists  should  be  able  to  identify  ways  to 
speed  and  otherwise  control  the  process. 


Problems  to  solve  are  discussed  on  the  premise  that  reasonably  intensive  timber 
management  will  be  practiced— that  timber  production  is  a  primary  objective. 
Relative  importance  of  the  problems  would  change  markedly  if  management  objec- 
tives were  substantially  different.  Two  additional  premises  also  influence  choice  of 
solutions:  (1)  when  desired,  an  adequate  amount  of  regeneration  can  be  saved  dur- 
ing partial  or  complete  removal  of  initial  overstory  or  of  shelterwood,  and  (2)  large- 
scale  harvest-system  studies  are  neither  the  best  nor  the  quickest  way  to  get  the 
kind  of  answers  needed.  Skimpy  evidence  indicates  that  stocking  of  seedlings  and 
saplings  may  not  be  reduced  seriously  if  overstory  removal  is  carefully  planned — 18 
percent  of  marked  trees  in  pine  stands  of  central  Oregon  (Barrett  and  others  1976); 
4  percent  of  total  milacre  stocking  in  the  ponderosa  pine  type  of  northern  California 
(McDonald  1969);  and  10  percent  of  4-milacre  stocking  (personal  observation)  or  4 
percent  of  planted  trees  (Tesch  1982)  in  the  mixed  conifer  type  of  western  Oregon. 


verstory  Required 


Survey  results  indicated  that  stocking  was  sometimes  positively  correlated  with  and 
other  times  was  negatively  correlated  with  the  amount  of  overstory  canopy,  but 
often  there  was  no  correlation.  In  partial  cuts,  stocking  tended  to  be  higher  on 
slopes  most  exposed  to  the  sun  compared  to  those  least  exposed;  in  clearcuts 
stocking  tended  to  be  just  the  reverse.  Clearly,  canopy  influences  regeneration 
establishment  in  some  way  wherever  it  occurs.  Where  is  it  realty  needed  and  what 
amount  of  canopy  should  be  retained? 


Overstory  canopy  ameliorates  strong  sunlight,  slows  wind  movement,  and  reduces 
outgoing  radiation.  On  the  other  hand,  overstory  competes  with  advance  and 
subsequent  regeneration  for  soil  moisture  and  curtails  rate  of  seedling  growth. 
Thus,  it  is  desirable  to  retain  only  sufficient  overstory  to  foster  establishment  of  the 
desired  species.  The  amount  of  overstory  required  for  different  species  and  cir- 
cumstances needs  much  better  definition. 
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Severe  frost  during  the  growing  season  does  not  appear  to  be  a  widespread 
reforestation  problem  in  the  western  part  of  the  District.  Cold  air  drains  from  the 
steep  slopes  and  middle  elevations  so  common  in  the  Applegate,  Evans,  and 
Galice-Glendale  areas.  Accumulation  of  cold  air  in  valley  bottoms  and  lower  slopes 
is  a  certainty,  though,  and  localized  frost  hazard  areas  are  likely.  Answers 
developed  for  Dead  Indian  (Stein  1981)  on  the  identification  of  frost  hazards  and 
the  amount  of  canopy  needed  to  protect  regeneration  should  suffice  for  solving 
frost  problems  in  the  rest  of  the  District. 

Competing  Vegetation  Throughout  the  Applegate,  Evans,  and  Galice-Glendale  areas,  generous  quantities 

of  perennial  and  annual  vegetation  develop  to  compete  with  tree  seedlings  for 
moisture  and  light.  Where  rainfall  is  not  abundant,  the  critical  competition  is  prob- 
ably for  moisture;  where  rainfall  is  reasonably  abundant  and  competing  vegetation 
grows  lush  and  tall,  seedlings  are  often  overtopped  by  shrubs  or  hardwoods  and 
the  critical  limiting  factor  for  seedling  survival  and  growth  may  be  light.  Because 
reduced  light  also  affects  root  development,  seedling  growth  may  often  be  slowed 
because  of  the  combined  effects  of  light  and  moisture  deficiencies. 

There  are  several  broad  classes  of  competing  vegetation— the  residual  overstory 
Itself;  tall  hardwoods  such  as  California  black  oak,  tan  oak,  canyon  live  oak,  giant 
chinkapin.  Pacific  madrone,  bigleaf  maple,  and  red  alder;  woody  perennials  in- 
cluding manzanitas,  ceanothus,  snowberry,  ribes  (Ribes  sp.),  poison  oak,  vine 
maple,  huckleberries  {Vaccinium  sp.),  and  thimbleberry;  and  annuals  such  as 
grasses,  fireweeds,  thistles,  and  groundsels.  Each  group  has  its  competitive 
pecularities,  which  are  disadvantageous  to  tree  seedlings,  as  well  as  helpful 
characteristics.  Representatives  of  the  four  groups  occur  in  countless  mixtures. 
Their  potential  for  adverse  effects  on  tree  seedling  survival  and  growth  has  been 
amply  demonstrated  (Cleary  1978,  Nolan  1978,  Roy  1979,  Stewart  and  others  1984), 
but  definition  of  circumstances  where  competition  is  actually  unacceptably  severe 
remains  burdened  with  uncertainty  (fig.  20). 

Soil  moisture  is  depleted  far  more  during  the  growing  season  under  forest  stands 
than  in  clearcuts  (Bethlahmy  1962).  Consequently,  reduction  of  overstory  increases 
the  moisture  available  for  seedling  establishment,  provided  evaporation  rates  from 
surface  layers  do  not  become  excessive  or  competing  low  vegetation  overly  dense. 
Vegetation  that  develops  on  cutovers  may  soon  increase  moisture  depletion  to 
nearly  the  same  level  as  in  uncut  stands  (Hallin  1967,  1968).  Moisture  available  to 
seedlings  under  different  amounts  of  overstory  and  with  different  amounts  and 
kinds  of  competing  vegetation  has  never  been  adequately  defined.  Advance  growth 
among  seed  trees  appeared  to  adversely  affect  establishment  of  natural  regenera- 
tion in  California  (Hall  1963). 

Research  progress  is  needed  simultaneously  on  two  aspects  of  the  vegetative 
competition  problem— on  development  of  techniques  to  readily  evaluate  severity  of 
existing  competition,  and  on  continued  development  of  an  array  of  effective  and  ac- 
ceptable methods  for  preventing  or  reducing  undesirable  competition. 

Systematic  study  of  soil  moisture  should  define  the  locations,  soils,  and  vegetative 
conditions  where  drought  truly  limits  establishment  of  regeneration.  Availability  of 
moisture  during  the  growing  season  could  be  checked  rapidly  in  upper  soil  layers 
by  gravimetric  methods  or  neutron  probe,  and  moisture  stress  levels  in  seedlings  or 
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Figure  20— A  key  problem  to  solve:  How  much  vegetative  com- 
petition is  too  much? 


nimal  Damage 


associated  vegetation  by  pressure  bomb  readings.  When  moisture-deficient  situa- 
tions are  clearly  identified,  control  of  vegetation  and  other  moisture-conserving 
techniques  can  be  concentrated  where  they  are  needed  most. 

A  variety  of  vegetation  control  methods  are  under  investigation,  but  research  on 
moisture  availability  is  sparse.  Light  requirements  for  trees  and  shrubs  under  field 
conditions  have  received  limited  study  (Atzet  and  Waring  1970,  Del  Rio  and  Berg 
1979,  Emmingham  and  Waring  1973,  Isaac  1963,  Strothmann  1972). 

As  in  all  forested  areas,  regeneration  in  the  Applegate,  Evans,  and  Galice-Glendale 
areas  is  damaged  to  some  extent  by  animals.  Damage  by  elk,  deer,  and  mountain 
beaver,  and  perhaps  by  woodrats,  was  noted  in  examining  plots;  gopher  activity 
was  usually  not  prominent  enough  to  be  recorded.  The  level  of  stocking  indicates 
that  animal  damage  has  not  prevented  establishment  of  sufficient  regeneration,  but 
browsing  of  seedlings  that  checks  height  growth  may  be  abetting  the  overtopping 
from  competing  vegetation.  Replanting  efforts  might  also  have  been  necessary 
because  of  damage  inflicted  by  animals  on  seedlings  of  the  initial  planting  or 
seeding. 

Occurrence  of  animal  damage  is  common  and  apparently  increasing  on  regenera- 
tion in  southwestern  Oregon  (Evans  and  others  1981).  The  District  needs  to  identify 
current  and  likely  problem  areas  and  take  necessary  steps  to  keep  such  damage  to 
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Growth  of  Regeneration 


Stand  Ecology 


acceptable  levels.  Specific  studies  are  probably  not  necessary,  but  an  ongoing  ef- 
fort to  discover  problem  locations  on  a  tinnely  basis  is  necessary.  Localized  pro- 
blems may  include  some  damage  from  domestic  livestock. 

Information  on  growth  rate  is  needed  for  two  important  criteria  that  influence  choice 
of  reforestation  system:  (1)  among  advance  regeneration,  what  species  and  which 
trees  have  the  capability  to  respond  promptly  to  release  and  attain  normal  growth? 
and  (2)  what  are  typical  growth  rates  for  regeneration  under  different  densities  of 
canopy?  An  answer  to  the  first  question  would  identify  the  advance  regeneration 
worth  saving.  An  answer  to  the  second  question  would  define  overstory  densities 
that  foster  reasonable  growth  of  natural  or  planted  regeneration.  Ferguson  (1984) 
elaborates  on  the  need  for  guidelines  that  define  acceptable  advance  regeneration. 

Response  to  partial  or  complete  release  can  be  determined  by  measuring 
regeneration  released  some  years  previously  or  by  releasing  regeneration  and 
observing  its  subsequent  growth.  Two  studies  based  on  the  first  approach  are  most 
pertinent  to  stands  in  the  western  Siskiyous.  A  model  for  predicting  growth 
response  of  released  white  fir,  California  red  fir  (Abies  magnified  A.  Murr),  and 
Douglas-fir  in  northern  California,  based  on  prerelease  characteristics  observable 
later,  was  developed  by  means  of  regression  techniques  (Helms  and  Standiford 
1985).  Comparisons  of  growth  before  and  after  showed  that  sugar  pine  saplings 
respond  to  partial  release  in  the  South  Umpqua  drainage  of  Oregon  (Hallin  1959). 
Data  in  both  studies  were  obtained  from  trees  released  some  years  previously; 
thus,  knowledge  of  actual  tree  appearance  (except  for  height  and  diameter)  and 
overstory,  understory,  and  competing  vegetation  present  at  time  of  release  was  in- 
adequate; needle  complements  and  tree  crowns  fill  out,  and  associates  change 
markedly  in  a  few  years.  Correlations  between  tree  and  site  conditions  at  time  of 
release  and  subsequent  growth  are  easy  to  obtain,  but  several  years  are  required 
for  marked  trees  to  respond.  Identifying  the  trees  that  respond  to  release  answers 
only  part  of  the  question;  one  must  also  determine  if  the  postrelease  growth  rate 
compares  favorably  with  growth  of  subsequent  regeneration. 

Throughout  the  western  part  of  the  Medford  District,  mixed  conifer  stands  of  varied 
composition  occur  Such  variety  may  be  attributable  to  the  happenstances  of 
species  mix  in  the  seed  fall  when  sites  were  ready  for  seedling  establishment;  or 
the  stand  variations  may  form  definite  patterns  that  provide  clues  on  species  limita- 
tions, microsite  differences,  and  ecological  trends. 

Ecological  studies  to  better  understand  existing  stands— their  nature,  origin,  and 
successional  trends — could  yield  valuable  insights  for  management  of  these  mixed 
stands.  Knowledge  of  successional  trends  and  of  stand  origins  might  indicate  how 
to  work  in  concert  with  nature  rather  than  in  opposition.  Some  information  on  stand 
structure  and  age  was  developed  by  Graham  and  others  (1982)  and  Minore  and 
others  (1982)  while  investigating  relationships  between  environmental  factors  and 
establishment  of  subsequent  regeneration  in  the  Applegate  and  Hungry-Pickett 
localities  that  are  within  the  territory  covered  by  this  survey.  The  role  of  individual 
species,  in  particular  sugar  pine,  should  be  defined  better  Sugar  pine  is  one  of  the 
best  growing  species  in  the  mixed  conifer  type  and  should  be  perpetuated 
wherever  rust  hazard  is  low  or  when  resistant  seedlings  or  planting  stock  are 
available. 
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Dther  Opportunities 


The  foregoing  discussion  of  problems  dealt  with  broad  topics  that  may  each  re- 
quire substantial  research  effort  for  adequate  solution.  A  variety  of  smaller  efforts 
that  merit  administrative  or  research  attention  should  also  be  mentioned. 


1.  Try  to  determine  why  stocking  was  significantly  lower  in  one  geographic  area  or 
drainage  than  in  another— for  example,  why  did  stocking  of  a  few  clearcuts 
average  lower  in  the  Applegate  River  drainage  than  in  adjacent  drainages?  were 
the  original  stands  different?  do  the  cutovers  differ  substantially  in  environmental 
traits?  were  they  treated  differently?  or  was  a  different  level  of  regeneration  effort 
applied?  An  administrative  effort  to  gather  and  compare  existing  information  is 
the  first  step.  Answers  might  become  self-evident,  or  a  need  for  further  study 
might  surface. 

2.  Compare  techniques  for  removing  residual  overstory  to  learn  how  to  save 
enough  welt-distributed  advance  and  subsequent  regeneration. 

3.  Institute  a  monitoring  system  to  determine  effectiveness  of  artificial  reforestation 
efforts.  Do  planted  or  seeded  trees  or  natural  regeneration  constitute  most  of  the 
crop  trees  in  cutovers?  The  clearest  way  to  answer  this  question  is  to  stake  an 
adequate  sample  of  planted  or  seeded  trees  on  every  cutover  and  reexamine 
them  periodically.  In  a  few  years,  the  actual  success  of  artificial  reforestation  ef- 
forts will  become  abundantly  clear. 
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4.  Determine  if  it  is  worthwhile  to  control  undesirable  hardwoods  in  partial  cuts  so 
they  do  not  cast  seed  or  rapidly  encroach  on  regeneration.  Likewise,  determine 
if  it  is  good  practice  to  treat  hardwood  stumps  in  clearcuts. 

5.  Investigate  how  sufficient  seedbed  can  be  disturbed,  particularly  during  cable 
logging,  wherever  natural  regeneration  is  desired. 
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Appendix  Data  sources,  collection  methods,  and  summation  procedures  for  descriptive  and 

environmental  variables. 

1.  Elevation — height  above  mean  sea  level  was  extrapolated  to  the  nearest  10  feet 
(3  m)  from  the  plot's  location  on  the  applicable  U.S.  Geological  Survey  quadrangle 
map. 

2.  Average  slope— steepness  of  slope  was  estimated  ocularly  to  the  nearest  10  per- 
cent and  checked  occasionally  with  a  clinometer.  Observations  for  individual  sub- 
plots were  summed  and  a  plot  average  determined. 

3.  Aspect  index— slope  direction  was  rated  to  the  nearest  of  eight  main  compass 
points.  A  numerical  relative  moisture  value  was  then  assigned  to  each  subplot  from 
the  scale  derived  by  Day  and  Monk  (1974).  Values  for  subplots  were  summed  and  a 
plot  average  determined. 

4.  Radiation  index — a  yearly  solar  irradiation  value  was  determined  for  each 
subplot  by  entering  the  subplot's  slope  and  aspect  in  a  table  of  radiation  indexes 
for  latitude  42°  north  as  calculated  by  Frank  and  Lee  (1966).  Values  for  subplots 
were  summed  and  a  plot  average  determined. 

5.  Average  annual  precipitation— yearly  rainfall  was  extrapolated  to  the  nearest 
2  inches  (51  mm)  from  the  plot's  approximate  location  on  a  small-scale  isohyet 
map  of  Oregon. 

6.  Forest  type  and  age  class— the  general  prelogging  composition,  density,  and  age 
of  the  forest  stand  were  determined  from  the  plot's  location  on  a  forest  type  map. 
Such  maps  were  prepared  in  the  1940's  as  part  of  the  nationwide  Forest  Survey  by 
the  Pacific  Northwest  Forest  and  Range  Experiment  Station,  USDA  Forest  Service. 
In  mixed  stands,  only  20  percent  or  more  of  an  associated  species,  such  as  sugar 
pine,  needed  to  be  present  to  qualify  as  the  associated  type. 

7.  Soil  type — soil  series  were  identified  from  soil  inventory  maps  and  descriptions 
prepared  for  the  Medford  District,  Bureau  of  Land  Management  (deMoulin  and 
others  1975). 

8.  Years  since  logging— timber  harvest  dates  for  the  cutover  area  encompassing 
each  plot  were  obtained  from  cutting  reports  for  individual  sales.  Years  since  log- 
ging are  based  on  the  number  of  complete  growing  seasons  (ending  September  1) 
between  cutting  date  and  examination  date.  Determined  this  way,  elapsed  time 
data  best  reflect  the  actual  establishment  period  available  for  tree  seedlings  and  fit 
with  the  development  stage  for  judging  when  seedlings  are  2  years  old  or  less. 

9.  Canopy— total  vegetative  cover  present  at  waist  height  and  above,  directly  over 
the  subplot,  was  estimated  visually  to  the  nearest  tenth  of  the  subplot  area. 
Estimates  for  individual  subplots  were  summed  and  a  plot  average  determined. 
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10.  Seedbed— the  surface  condition  judged  predominant  on  the  subplot  immediate- 
ly after  logging  was  classed  as  one  of  five  types:  bare  mineral  soil;  undisturbed 
duff  and  litter;  disturbed  soil,  duff,  and  litter;  mixed  soil  and  rock;  or  logs,  wood, 
and  bark.  Duff-  and  litter-covered  subplots  and  those  covered  with  logs,  wood,  and 
bark  were  counted  separately  and  computed  as  a  percentage  of  the  total  subplots 
on  the  plot. 

11.  Seed  source— distance  to  the  nearest  seed  tree  was  judged  as  within  50  feet 
(15.2  m)  or  over  50  feet  in  100-foot  (30.5-m)  classes.  The  nearest  16-inch  (41-cm) 
d.b.h.  or  larger  tree  with  a  reasonably  full  crown  was  usually  considered  a  source 
of  seed.  Trees  smaller  than  16  inches  were  recognized  if  there  was  evidence  they 
had  borne  seed  in  substantial  quantities.  The  species  of  the  nearest  seed  tree  was 
also  recorded.  Separately,  subplots  with  a  seed  tree  of  any  species,  of  Douglas-fir, 
or  of  true  fir,  within  50  feet,  were  counted  and  computed  as  a  percentage  of  the 
total  subplots  on  the  plot. 

12.  Ground  cover— total  vegetative  cover  present  below  waist  height  was  estimated 
visually  to  the  nearest  tenth  of  the  subplot  area.  Estimates  for  individual  subplots 
were  summed  and  a  plot  average  determined. 

13.  Dominant  ground  cover— vegetative  cover  was  classed  as  the  predominant  one 
of  three  broad  types:  grass,  herbaceous,  or  woody  perennial.  For  subplots 
dominated  by  woody  perennials,  the  genus  or  species  was  recorded  if  one  clearly 
dominated.  Separately,  subplots  dominated  by  grass  or  by  woody  perennials  were 
counted  and  computed  as  a  percentage  of  the  total  subplots  on  the  plot. 
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Table  15— Average  stocking  in  cutovers  in  the  Applegate,  Evans,  and  Galice- 
Giendale  areas 


Descriptor 


Partial  cuts 


Clearcuts 


Applegate: 

Number  of  samples 
Regeneration  class 
(percent  ±  standard  error)  i/- 
All 

Advance 
Subsequent 
Second-year  2/ 

Evans: 
Number  of  samples 
Regeneration  class 
(percent  t   standard  error)  W- 
All 

Advance 
Subsequent 
Second-year  2/ 

Galice-Glendale: 
Number  of  samples 
Regeneration  class 
(percent  t   standard  error)  1/- 
All 

Advance 
Subsequent 
Second-year  2/ 

Combined: 

Number  of  samples 
Regeneration  class 
(percent  t   standard  error)  1/ 
All 

Advance 
Subsequent 
Second-year  2/ 


35 


76.4  ±  3.5 

40.0  ±  4.5 

58.0  ±  3.5 

2.1  ±  0.6 


25 


79.8  ±  2.7 

51.8  ±  4.5 

52.0  t   4.1 

4.2  ±  1 .4 


27 


87.4  ±  3.1 

65.2  ±  4.6 

56.3  ±  4.4 
4.6  ±  1.9 


87 


80.8  ±  1.9 

51.2  ±  2.8 

55.7  ±  2.3 

3.5  ±  0.8 


15 


70.7  -t  5.4 

14.0  ±  3.5 

64.7  ±  5.2 

1.0  t   0.5 


15 


83.7  ±  3.9 
23.7  ±  4.9 
74.7  ±  5.4 
0. 


17 


75.9  ±  4.9 

20.3  ±  6.6 

72.6  ±   4.6 

0.6  ±  0.4 


47 


76.7  t  2.8 

19.4  ±   3.0 

70.7  ±  2.9 

0.5  ±  0.2 


1/  Data  for  regeneration  classes  are  not  additive  as  more  than  1  class 
was  found  on  many  subplots. 

2/  Not  included  in  the  "All"  and  "Subsequent"  classes. 
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Table  16— Proportion  of  sample  plots  stocked  at  4  levels  with  regeneration 


Proportion 

Confidence 

limit  1/ 

Stocking 

at  least 

Plots 

of  total 

Lower 

Upper 

Percent 

Number 

rroporLlOil  —  —  - 

35 

APPLEGATE  PARTIAL 

CUTS 

30 

35 

1.00 

0.90 

1.00 

50 

31 

.89 

.73 

.97 

70 

25 

.71 

.54 

.85 

90 

15 

.43 

.26 

.61 

25  EVANS  PARTIAL  CUTS 


30 
50 
70 
90 


25 

25 

20 

9 


1.00 

1.00 

.80 

.36 


.86 

1.00 

.86 

1.00 

.59 

.93 

.18 

.57 

27  GALICE-GLENDALE  PARTIAL  CUTS 


30 
50 
70 
90 


27 
26 
23 
17 


1.00 
.96 
.85 
.63 


87 

1.00 

81 

1.00 

66 

.96 

42 

.81 

15  APPLEGATE  CLEARCUTS 


30 
50 
70 
90 


15 

13 

9 

4 


1.00 
.87 
.60 
.27 


.78 

1.00 

.60 

.98 

.32 

.84 

.08 

.55 

15  EVANS  CLEARCUTS 


30 
50 
70 
90 


15 

14 

14 

8 


1.00 
.93 
.93 
.53 


.78 

1.00 

.68 

1.00 

.68 

1.00 

.27 

.79 

17  GALICE-GLENDALE  CLEARCUTS 


30 
50 
70 
90 


17 

15 

10 

8 


1.00 
.88 
.59 
.47 


.80 

1  .00 

.64 

.99 

.33 

.82 

.23 

.72 

1/  There  is  a  95-percent  or  greater  chance  that  the  true  proportion  is 
within  lower  and  upper  confidence  limits. 
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Table  17— Proportion  of  sample  plots  stocked  at  4  levels  with  advance 
regeneration 


Proportion 

Confidence 

limit  1/ 

Stocking 

at  least 

Plots 

of  total 

Lower 

Upper 

Percent 

Number 

Proportion  -  - 



35  APPLEGATE  PARTIAL  CUTS 

> 

30 

21 

0.60 

0.42 

0.76 

50 

12 

.34 

.19 

.52 

70 

10 

.29 

.15 

.46 

90 

0 

0 
25  EVANS  PARTIAL  CUTS 

0 

.10 

i 

30 

21 

.84 

.64 

J 

50 

16 

.64 

.43 

.82 

70 

7 

.28 

.12 

.49 

90 

1 

.04 

0 

.20 

27 

GALICE-GLENDALE  PARTIAL 

CUTS 

30 

26 

.96 

.81 

1.00 

50 

19 

.70 

.50 

.86 

70 

15 

.56 

.35 

.75 

90 

5 

.19 
15  APPLEGATE  CLEARCUTS 

.06 

.38 

30 

3 

.20 

.04 

.48  1 

50 

0 

0 

0 

M 

70 

0 

0 

0 

M 

90 

0 

0 

15  EVANS  CLEARCUTS 

0 

.22 

30 

7 

.47 

.21 

.73 

50 

2 

.13 

.02 

.40 

70 

0 

0 

0 

.22  , 

90 

0 

0 

0 

.^1 

17 

GALICE-GLENDALE  CLEARCUTS 

30 

3 

.18 

.04 

.4^R 

50 

3 

.18 

.04 

.43* 

70 

2 

.12 

.01 

.361 

90 

1 

.06 

0 

.29 » 

1/  There  is  a  95-percent  or  greater  chance  that  the  true  proportion  is 
within  lower  and  upper  confidence  limits. 
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Table  18— Proportion  of  sample  plots  stocked  at  4  levels  with  subsequent 
regeneration 


Proportion 

Confidence 

limit  1/ 

Stocking 

at  least 

Plots 

of  total 

Lower 

Upper 

Percent 

Number 

Proportion  -  -  - 



35  APPLEGATE  PARTIAL  CUTS 

30 

33 

0.94 

0 

.81 

0.99 

50 

22 

.63 

.45 

.79 

70 

12 

.34 

.19 

.52 

90 

6 

.17 
25  EVANS  PARTIAL  CUTS 

.07 

.34 

30 

22 

.88 

.69 

.97 

50 

15 

.60 

.39 

.79 

70 

6 

.24 

.09 

.45 

90 

1 

.04 

0 

.20 

27 

GALICE-6LEN0ALE  PARTIAL 

CUTS 

30 

23 

.85 

.66 

.96 

50 

19 

.70 

.50 

.86 

70 

9 

.33 

.17 

.54 

90 

2 

.07 
15  APPLEGATE  CLEARCUTS 

.01 

.24 

30 

15 

1.00 

.78 

1.00 

50 

11 

.73 

.45 

.92 

70 

6 

.40 

.16 

.68 

90 

3 

.20 
15  EVANS  CLEARCUTS 

.04 

.48 

30 

14 

.93 

.68 

1.00 

50 

13  ^ 

.87 

.60 

.98 

70 

11 

.73 

.45 

.92 

90 

4 

.27 

.08 

.55 

17 

GALICE-GLENOALE  CLEARCUTS 

30 

17 

1.00 

.80 

1.00 

50 

15 

.88 

.64 

.99 

70 

10 

.59 

.33 

.82 

90 

5 

.29 

.10 

.56 

1/  There  is  a  95-percent  or  greater  chance  that  the  true  proportion  is 
within  lower  and  upper  confidence  limits. 
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Table  19— Proportion  of  sample  plots  stocked  at  4  levels  with  subsequent 
Douglas-fir 


Proportion 

Confidence 

limit  1/ 

Stocking 

at  least 

Plots 

of  total 

Lower 

Upper 

Percent 

Number 

-  -  - 

Proportion  -  - 

35 

APPLEGATE  PARTIAL  CUTS 

30 

28 

0.80 

0.63 

0.92 

50 

15 

.43 

.26 

.61 

70 

8 

.23 

.10 

.40 

90 

4 

25 

.11 
EVANS  PARTIAL 

CUTS 

.03 

.27 

30 

17 

.68 

.46 

.85 

50 

10 

.40 

.21 

.61 

70 

5 

.20 

.07 

.41 

90 

1 

.04 

0 

.20 

27 

GALICE-6LENDALE  PARTIAL  ( 

:uTS 

30 

19 

.70 

.50 

.86 

50 

14 

.52 

.32 

.71 

70 

5 

.19 

.06 

.38 

90 

1 

.04 

0 

.19 

15 

APPLEGATE  CLEARCUTS 

30 

12 

.80 

.52 

.96 

50 

7 

.47 

.21 

.73 

70 

5 

.33 

.12 

.62 

90 

2 

.13 

.02 

.40 

15  EVANS  CLEARCUTS 

30 

13 

.87 

.60 

.98 

50 

5 

.33 

.12 

.62 

70 

3 

.20 

.04 

.48 

90 

0 

0 

0 

.22 

17 

GALICE-GLENDALE 

CLEARCUTS 

30 

16 

.94 

.71 

1.00 

50 

12 

.71 

.44 

.90 

70 

7 

.41 

.18 

.67 

90 

3 

.18 

.04 

.43 

1/  There  is  a  95-percent  or  greater  chance  that  the  true  proportion  is 
within  lower  and  upper  confidence  limits. 
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Table  20- 
true  firs 

-Proportion  of  sample  plots  stocked  at  4  levels  with  subsequent 

Plots 

Proportion 
of  total 

Confidence 

limit  1/ 

Stocking 
at  least 

Lower 

Upper 

Percent 

Number 



r  r  upor  L  1  Uii 

35 

APPLEGATE    PARTIAL   CUTS 

30 
50 
70 
90 

6 
2 
0 
0 

0.17 
.06 
0 
0 

25   EVANS   PARTIAL 

CUTS 

0.07 
.01 
0 
0 

0.34 
.19 
.10 
.10 

30 
50 
70 
90 

3 
2 
1 
0 

.12 
.08 
.04 
0 

.03 
.01 

0 

0 

.31 
.26 
.20 
.14 

27 

GALICE-GLENOALE    PARTIAL   ( 

:uTs 

30 
50 
70 
90 

3 
0 
0 
0 

.11 

0 
0 
0 

.02 
0 
0 
0 

.29 
.13 
.13 
.13 

15  APPLEGATE   CLEARCUTS 

30 
50 
70 
90 

2 
1 
0 
0 

.13 
.07 

0 

0 

.02 
0 
0 
0 

.40 
.32 
.22 
.22 

15   EVANS  CLEARCUTS 

30 
50 
70 
90 

0 
0 
0 
0 

' 

0 
0 
0 
0 

0 
0 
0 
0 

.22 
.22 
.22 
.22 

17 

GALICE-GLENDALE 

CLEARCUTS 

30 
50 
70 
90 

3 

1 
0 
0 

.18 
.06 

0 

0 

.04 
0 
0 
0 

.43 
.29 
.20 
.20 

1/  There  is  a  95-percent  or  greater  chance  that  the  true  proportion  is 
within  lower  and  upper  confidence  limits. 
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Table  21— Average  stocking  by  species  in  cutovers  in  the  Applegate,  Evans, 
and  Galice-Glendale  areas 


Descriptor 


Applegate 


Geographic  area 


Evans 


Galice- 
Glendale 


Number  of  samples 


35 


PARTIAL  CUTS 
25 


27 


Species  (percent 

+ 

standard  error) : 

1/ 

Douglas-fir 

61.7  ±  3.4 

61.8  ±  3.6 

78.3  ±  3.8 

True  firs 

20.9  ±  4.6 

22.0  ±  5.1 

15.4  ±  5.2 

Ponderosa  pine 

4.9  ±  1 .4 

10.0  ±  3.1 

6.1  ±  2.5 

Sugar  and  western 

white  pine 

10.3  ±  3.3 

12.8  ±  2.9 

26.7  ±  5.4 

Incense-cedar 

14.7  ±  3.8 

35.0  ±  5.8 

9.3  ±  2.8 

Other  conifers 

7.0  ±  2.6 

5.4  ±  3.3 

5.2  ±  2.9 

Hardwoods 

5.6  ±  2.6 

5.6  ±  1 .7 

12.4  ±  2.8 

All  species 

76.4  ±  3.5 

79.8  ±  2.7 

87.4  ±  3.1 

Number  of  samples 


15 


CLEARCUTS 
15 


17 


Species  (percent 

+ 

standard  error) : 

1/ 

Douglas-fir 

52.3  ±  6.5 

57.7  ±  5.0 

65.9  ±  6.5 

True  firs 

12.0  ±  5.0 

12.0  ±  3.0 

15.0  ±  5.4 

Ponderosa  pine 

18.7  ±  5.8 

44.3  ±  6.9 

7.4  ±  4.2 

Sugar  and  western 

white  pine 

4.7  ±  2.5 

5.7  ±  2.5 

14.4  ±  6.8 

Incense-cedar 

7.0  ±  3.5 

16.7  ±  5.4 

8.5  ±  3.8 

Other  conifers 

9.3  ±  5.3 

6.0  ±  3.5 

2.4  ±  1.8 

Hardwoods 

.3  ±  .3 

11.7  ±  4.4 

3.2  ±  1.4 

All  species 

70.7  ±  5.4 

83.7  ±  3.9 

75.9  ±  4.9 

1/  Does  not  include  second-year  seedlings. 
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Table  22— Average  stocking  of  advance  regeneration  by  species  in  cutovers  in 
the  Applegate,  Evans,  and  Galice-Glendale  areas 

Geographic  area 


Galice- 
Descriptor  Applegate  Evans  Glendale 


PARTIAL   CUTS 

Number  of   samples  35                               25  27 

Species  (percent  ± 
standard  error): 

Douglas-fir  23.6  ±  2.9  33.4  ±  3.7  54.6  ±  5.1 

True  firs  13.9  ±  3.4  13.8  ±  3.3  9.6  ±  3.6 

Ponderosa  pine  1.4  ±1.0                 5.0+2.7  4.1+1.5 
Sugar  and  western 

white  pine  4.9+1.7  8.2+2.0  19.8+4.6 

Incense-cedar  9.4+3.1  26.0+5.3  4.4+1.3 

Other  conifers  3.9+1.6                 1.2+     .7  2.0+1.1 

Hardwoods  1.4+     .9                  1.4  ±     .6  12.0+2.8 

All   species  40.0+4.5  51.8+4.5  65.2+4.6 

CLEARCUTS 

Number  of  samples  15             15  17 


14.3  +  3.7  14.1  +  5.2 

8.0  +  2.5  8.2  +  4.5 

.3  +   .3  0 

3.3  +  2.2  2.4  +  1 .3 

2.3  +   .8  .9  +   .9 

3.7  ±  3.0  .3  +   .3 

1.7  ±  .9  0 

All  species       14.0  +  3.5       23.7  +  4.9  20.3  +  6.6 


Species  (percent  t 

standard  error) : 

Douglas-fir 

4.3 

+  1 

.8 

True  firs 

3.7 

+  2 

.0 

Ponderosa  pine 

0 

Sugar  and  western 

white  pine 

2.0 

+  1 

.4 

Incense-cedar 

2.7 

+  2 

.1 

Other  conifers 

4.0 

±  2 

.1 

Hardwoods 

'  0 
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Table  23— Average  stocking  of  subsequent  regeneration  by  species  in  cutovers 
in  the  Applegate,  Evans,  and  Galice-Glendale  areas 


Descriptor 


Applegate 


Geographic  area 


Evans 


Galice- 
Glendale 


Number  of  samples 


35 


PARTIAL  CUTS 
25 


27 


Species  (percent 

+ 

standard  error) : 

1/ 

Douglas-fir 

47.9  ±  3.7 

42.8  ±  4.7 

45.4  ±  4.9 

True  firs 

11.1  ±  2.9 

11.0  ±  3.8 

7.4  ±  2.4 

Ponderosa  pine 

3.4  ±  1.0 

6.0  ±  1.5 

2.2  ±  1.4 

Sugar  and  western 

white  pine 

6.7  ±  2.8 

5.2  ±  2.1 

12.8  ±  3.2 

Incense-cedar 

6.7  ±  1.6 

13.2  ±   2.4 

5.6  ±  2.4 

Other  conifers 

3.4  ±  1.7 

4.2  ±  2.9 

3.7  ±  2.4 

Hardwoods 

4.3  ±  2.3 

4.6  ±  1.5 

.4  ±  .4 

All  species 

58.0  ±  3.5 

52.0  ±  4.1 

56.3  ±  4.4 

Number  of  samples 

Species  (percent  t 
standard  error)  :W 
Douglas-fir 
True  firs 
Ponderosa  pine 
Sugar  and  western 
white  pine 
Incense-cedar 
Other  conifers 
Hardwoods 

All  species 


15 


49.7  ±  6.5 

9.0  ±  4.3 

18.7  ±  5.8 

3.0  ±  1.5 

5.3  ±  2.6 

6.3  ±  4.0 

.3  ±  .3 

64.7  ±  5.2 


CLEARCUTS 
15 


47.3  ±  5.1 

4.3  ±  1.8 

44.0  ±  6.8 

3.3  ±  1.5 
14.7  ±  5.5 

2.3  ±  1.4 
10.0  ±  4.3 

74.7  ±  5.4 


17 


61.2  ±  6.1 

10.6  ±  4.0 

7.4  ±  4.2 

12.9  ±  6.3 
7.6  ±  3.4 

2.1  ±  1.5 

3.2  ±  1.4 

72.6  ±  4.6 


1/  Does  not  include  second-year  seedlings. 
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Table  24— Average  stocking  of  second-year  regeneration  by  species  in  cutovers 
in  the  Applegate,  Evans,  and  Galice-Glendale  areas 

Geographic  area 


Descriptor 


Applegate 


Evans 


Galice- 
Glendale 


Number  of  samples 


35 


PARTIAL  CUTS 
25 


27 


Species  (percent  ± 

standard  error) : 

Oouglas-f ir 

1.1  ±  0 

.5 

1.6 

±  1.1 

4.1  ±  1 

.8 

True  firs 

.3  ± 

.2 

0 

.2  ± 

.2 

Ponderosa  pine 

.1  ± 

.1 

0 

0 

Sugar  and  western 

white  pine 

.1  ± 

.1 

.2 

±   .2 

.4  ± 

.3 

Incense-cedar 

0 

2.4 

±  1.0 

0 

Other  conifers 

.4  ± 

.2 

0 

0 

Hardwoods 

0 

0 

0 

All  species 

2.1  ± 

.6 

4.2 

±  1.4 

4.6  ±  1 

.9 

CLEARCUTS 

Number  of  samples 

15 

15 

17 

Species  (percent  i 

standard  error): 

Douglas-fir 

.7  ± 

.5 

0 

True  firs 

0 

0 

Ponderosa  pine 

.3  ± 

.3 

0 

Sugar  and  western 

white  pine 

0 

0 

Incense-cedar 

0 

0 

Other  conifers 

0 

0 

Hardwoods 

0 

0 

.6  ±   .4 


All  species 


1.0 


.6  ±  .4 
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Table  25— Significant  associations  between  total  or  advance  stocking  in  partial  cuts  and  environmental 
variables  by  area 

Environmental  variable  and  its  correlation  coefficient  (r)  1^/  2/ 


Stocking 
category 


Applegate 


Galice-Glendale 


Areas  combined 


Total 


Advance 
all  species 


Advance 
Douglas-fir 


Slope  -0.44* 

Years  .37* 

Oouglas-fir  seed  source  -.29 


Slope  -.48* 

Years  .39* 

Duff  and  litter  .33 

Oouglas-fir  seed  source  -.52* 

Precipitation  .31 


Elevation 

Aspect 

Slope 

Canopy 

Years 

Ground  cover 

Duff  and  litter 

Logs,  wood,  bark 

Undisturbed  seedbed 


.35* 

.31 

.29 

.36* 

.35* 

.28 

.52* 

.49* 

.31 


Duff  and  litter 


Woody  perennials 
Duff  and  litter 
Undisturbed  seedbed 


Years 

Ground  cover 
Duff  and  litter 
True  fir  seed  source 
Undisturbed  seedbed 


0.34 


.38 

.46* 

.47* 


.35 

.48* 

.41* 

.40* 

.40* 


Woody  perennials  -0.34 
Logs,  wood,  bark  -.35 
Precipitation  .33 


Canopy 

Grass 

Woody  perennials 

Duff  and  litter 

Logs,  wood,  bark 

Undisturbed  seedbed 


Elevation 

Canopy 

Ground  cover 

Grass 

Woody  perennials 

Duff  and  litter 

Logs,  wood,  bark 

Undisturbed  seedbed 


.52* 

.36 
-.53* 

.75* 
-.49* 

.60* 


.35 

.39* 

.45* 

.33 

.60* 

.82* 

.51* 

.66* 


Slope 

-0 

37** 

Years 

23* 

Logs,  wood,  bark 

- 

20 

Douglas-fir  seed 

source 

- 

22* 

Precipitation 

34«« 

Elevation 

. 

27* 

Radiation  index 

19 

Slope 

- 

36** 

Canopy 

34** 

Duff  and  litter 

44** 

Logs,  wood,  bark 

- 

25* 

Douglas-fir  seed 

source 

- 

26* 

Prec  ipitation 

34** 

Undisturbed  seedbed 

33** 

Elevation 

_ 

41** 

Slope 

- 

24* 

Canopy 

36** 

Duff  and  litter 

50** 

Logs,  wood,  bark 

- 

35** 

True  fir  seed  source 

- 

29** 

Precipitation 

33** 

Undisturbed  seedbed 

34** 

Advance         Aspect  .33 

true  firs       Oouglas-fir  seed  source  -.68* 
True  fir  seed  source      .63* 


Elevation 

True  fir  seed  source 


.66**    Years  .38* 

.65**    Ground  cover  .32 

Douglas-fir  seed  source  -.46* 

True  fir  seed  source  .41* 


Elevation  .28** 

Slope  -.18 

Oouglas-fir  seed  source  -.49** 
True  fir  seed  source      .58** 


Advance 
incense-cedar 


Elevation 

Slope 

Canopy 

Years 

Duff  and  litter 

Undisturbed  seedbed 


.36* 

.55* 

.30 

.34* 

.28 

.32 


Radiation  index 

Aspect 

Slope 

Canopy 

Woody  perennials 

Duff  and  litter 

Undisturbed  seedbed 


.41* 

.45* 

.41* 

.35 

.38 

.52* 

.46* 


Radiation  index 

Aspect 

Canopy 


33 

Radiation  index 

.31* 

35 

Aspect 

-.35* 

47* 

Slope 

-.26* 

Years 

.27* 

Duff  and  litter 

.26* 

Undisturbed  seedbed 

.23* 

1/  Degrees  of  freedom  for  the  significant  correlations  in  each  stocking  category  are  33,  23,  25,  and  85,  respectively,  *or  Applegate,  Evans, 
Gal ice-Glendale,  and  combined  data  sets. 

2/  Correlation  coefficients  with  0,  1,  or  2  asterisks  are  significant  at  the  10-,  5-,  and  1-percent  probability  levels,  respectively.   To  determine  the 
amount  of  total  variation  accounted  for  by  any  single  independent  variable,  square  its  r-value. 
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Table  26— Significant  associations  between  subsequent  stocking  in  partial  cuts  and  environmental 
variables  by  area 


Environmental 

varlabl 

e  and  Its 

correlation  coefficient 

!■)  1/  2/ 

stocking 

category 

Applegate 

Evans 

Gallce-Glendale 

Areas  combined 

Total 

Ouff  and  Utter 

-0.41* 

Logs,  wood,  bark 

-0.41* 

Elevation 

0.35 

Duff  and  litter 

-0 

25* 

subsequent 

Undisturbed  seedbed 

-  41* 

Undisturbed  seedbed 

-.32 

Undisturbed  seedbed 

- 

.30** 

Second-year 

Canopy 

-.48** 

Elevation 

.52** 

Elevation 

-.53** 

Radiation  Index 

20 

Ouff  and  Utter 

-.45** 

Years 

-.35 

Grass 

.62** 

Undisturbed  seedbed 

-.38* 

Woody  perennials 

-.39 

Woody  perennials 
Precipitation 

-.32 
-.38* 

Oouglas-f1r 

Canopy 

-.31 

Logs,  wood,  bark 

-.35 

Elevation 

.34 

Elevation 

.22* 

Ouff  and  litter 

-.44** 

Duff  and  litter 

-.42* 

Duff  and  litter 

- 

.36** 

Oouglas-fir  seed  source 

.36* 

Undisturbed  seedbed 

-.43* 

Oouglas-fir  seed 

source 

.25* 

Undisturbed  seedbed 

-.42* 

Undisturbed  seedbed 

- 

.37** 

True  f1rs 

Aspect 

.43** 

Elevation 

.43* 

Slope 

-.32 

Elevation 

.28** 

Duff  and  Utter 

-.29 

Ground  cover 

.39 

Canopy 

.33 

Slope 

- 

.19 

Oouglas-f1r  seed  source 

-.42* 

True  fir  seed  source 

.63** 

Years 

.38* 

Grass 

- 

.20 

True  fir  seed  source 

.55** 

Ground  cover 

.32 

Ouff  and  litter 

- 

.19 

Oouglas-fir  seed  source 

-.37 

Douglas-fir  seed 

source 

- 

.31** 

True  fir  seed  source 

.53** 

True  fir  seed  source 

.62** 

Incense-cedar 

Slope 

-.37* 

Aspect 

-.39 

Canopy 

-.35 

Radiation  index 

.25* 

Years 

.48** 

Slope 

-.58** 

Undisturbed  seedbed 

-.36 

Aspect 

- 

.24* 

Oouglas-fir  seed 

source 

-.35 

Slope 
Canopy 

: 

.18 
.18 

Sugar  and  western 

Elevation 

-.55** 

Ground  cover 

-.57** 

Ground  cover 

- 

.27* 

white  pine 

Ground  cover 
Oouglas-fir  seed 
Precipitation 

source 

-.42* 
-.35 
-  38 

Grass 

Woody  perennials 
Ouff  and  litter 
Undisturbed  seedbed 

.35 

-.43* 

.42* 

.38* 

Oouglas-fir  seed 

source 

.22* 

[/  Degrees  of  freedom  for  the  significant  correlations  In  each  stocking  category  are  33,  23,  25,  and  85,  respectively,  for  Applegate,  Evans, 
Salice-Glendale,  and  combined  data  sets. 

[/  Correlation  coefficients  with  0,  1,  or  2  asterisks  are  significant  at  the  10-,  5-,  and  1-percent  probability  levels,  respectively.  To  determine  the 
imount  of  total  variation  accounted  for  by  any  single  independent  variable,  square  its  rvalue. 
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Table  27— Significant  associations  between  total  or  advance  stocking  In  clearcuts  and  environmental 
variables  by  area 


Environmental  variable  and  its  correlation  coefficient  (r)  ]_/  2/ 


Stocking 
category 

Applegate 

Evans 

Total 

Precipitation 

0.59* 

Precipitation 

0.50 

Advance 
all  species 

Years 

Woody  perennials 

-.51* 
-.70** 

Duff  and  litter 
Seed  source  distance 
Undisturbed  seedbed 

.48 
.44 
.51' 

Advance 
Douglas-fir 

Elevation 

Years 

Grass 

Woody  perennials 

-.44 
-.83** 

.52* 
-.59* 

Advance 
true  firs 

Elevation 

.65** 

Aspect 

Undisturbed  seedbed 

-.46 
.48 

Advance 
incense-cedar 

Woody  perennials 
Seed  source  distance 
Precipitation 

-.58* 

.72** 
-.55* 

Slope 
Grass 

-.63- 
.59' 

Gallce-Glendale 


Areas  combined 


Radiation  index 
Aspect 


Radiation  index 


-0.59* 
.44 


Radiation  index         -.57* 
Aspect  .44 

Years  -.45 


Seed  source  distance     0.24 


Radiation  index  -.29* 

Ouff  and  litter  .29* 

Seed  source  distance  .33* 

Undisturbed  seedbed  .32* 

Elevation  -.28 

Radiation  Index  -.30" 

Seed  source  distance  .26 

Undisturbed  seedbed  .24 

Elevation  .31* 

Duff  and  litter  .29* 

Precipitation  .27 

Slope  -.26 

Woody  perennials  -.30* 

Precipitation  -.26 


1/  Degrees  of  freedom  for  the  significant  correlations  in  each  stocking  category  are  13,  13,  15,  and  45,  respectively,  for  Applegate,  Evans. 
Galice-Glendale.  and  combined  data  sets. 

2/  Correlation  coefficients  with  0,  1,  or  2  asterisks  are  significant  at  the  10-,  5-,  and  1-percent  probability  levels,  respectively.  To  determine 
amount  of  total  variation  accounted  for  by  any  single  independent  variable,  square  its  r-value. 

Table  28— Significant  associations  between  subsequent  stocking  in  clearcuts  and  environmental 
variables  by  area 


Environmental  variable 

and  its 

correlation  coefficient 

(r)  1/  2/ 

Stocking 
category 

Applegate 

Evans 

Gallce-Glendale 

Areas  combined 

Total 
subsequent 

Precipitation 

0.56* 

Logs,  wood,  bark 
Undisturbed  seedbed 

-0.50 
-.46 

Radiation  Index 

-0.45 

Second-year 

Precipitation 

.50 

Douglas-fir 

Radiation  index 
Aspect 

-.44 
.49 

Radiation  Index 

Grass 

Woody  perennials 

Ouff  and  litter 

-.45 
-.62** 

.50* 
-.53* 

Radiation  index 

Aspect 

Grass 

Woody  perennials 

Logs,  wood,  bark 

Precipitation 

-0.28 
.35* 
-.28 
.29* 
.25 
.32* 

True  firs 

Elevation 

.55* 

Elevation 

Years 

Seed  source  distance 

.46 

-.57* 
.56* 

Elevation 
Years 

Ground  cover 
Precipitation 

.64** 
.53* 
-.41 
.55* 

Elevation 
Precipitation 

.55" 
.35* 

Incense-cedar 

Slope 

Woody  perennials 
Logs.  wood,  bark 
Seed  source  distance 

-.66** 
-.46 
-.53* 
.62* 

Duff  and  litter 
Undisturbed  seedbed 

-.50 
-.47 

Aspect 

.43 

Woody  perennials 

-.25 

Ponderosa 
pine 

Aspect 

Slope 

Logs.  wood,  bark 

-.48 

-.65** 

-.57* 

Undisturbed  seedbed 

-.50 

Elevation 

Ground  cover 

Grass 

Woody  perennials 

Duff  and  litter 

Precipitation 

-.43 
.52* 
.96** 

-.90** 
.50* 

-.61** 

Woody  perennials 
Logs.  wood,  bark 
Seed  source  distance 
Precipitation 

-.46** 

-.33* 

.33* 

-.39** 

1/  Degrees  of  freedom  for  the  significant  correlations  in  each  stocking  category  are  13,  13.  15.  and  45.  respectively,  for  Applegate.  Evans. 
Gallce-Glendale.  and  combined  data  sets. 

2/  Correlation  coefficients  with  0,  1,  or  2  asterisks  are  significant  at  the  10-,  5-.  and  1-percent  probability  levels,  respectively.  To  determine  the 
amount  of  total  variation  accounted  for  by  any  single  Independent  variable,  square  its  r-value. 


84 


Table  29— Significant  associations  between  total  or  advance  stocking  in  cutovers  and  environmental 
variables  by  forest  type 


Environmental  variable 

and  its 

correlation  coefficient 

(r)  1/  2/ 

Parti 

al  cuts 

Clearcuts 

stocking 

category 

Douglas-fir 

P1ne 

Douglas-fir 

Pine 

Total 

Slope 

Canopy 

Years 

Douglas-fir  seed  source 

Precipitation 

-0.38** 

.20 

.28* 

-.23 

.30* 

Elevation 

True  fir  seed  source 

0.42 
-.42 

Precipitation 

0.50** 

Radiation  index 

-0.76* 

Advance 

Elevation 

-.37** 

Slope 

.44 

Radiation  index 

.27 

Duff  and  litter 

.60 

all  species 

Slope 

Canopy 

Duff  and  litter 

Logs,  wood,  bark 

Douglas-fir  seed  source 

Precipitation 

Undisturbed  seedbed 

-.44** 
.39** 
.46** 
-.24* 
-.28* 
.37** 
.37** 

Seed  source  distance 

.36* 

Advance 

Elevation 

-.53** 

Slope 

.47 

Elevation 

-.30 

Duff  and  litter 

.64 

Oouglas-f ir 

Slope 

Canopy 

Duff  and  litter 

Logs,  wood,  bark 

True  fir  seed  source 

Precipitation 

Undisturbed  seedbed 

-.35** 
.47** 
.54** 
-.31** 
-.29* 
.32** 
.41** 

Logs,  wood,  bark 

-.53* 

Radiation  index 

-.30 

Undisturbed  seedbed 

.59 

Advance 

Elevation 

.32** 

Slope 

-.44 

Elevation 

.40* 

;  true  firs 

Woody  perennials 
Douglas-fir  seed  source 
True  fir  seed  source 

-.20 
-.46** 
.59** 

Ground  cover 
Douglas-fir  seed  source 
True  fir  seed  source 

.60* 

-.62** 

.57* 

Advance 

Radiation  index 

.37** 

Precipitation 

-.44 

Slope 

-.28 

Incense-cedar 

Aspect 

Slope 

Years 

Duff  and  litter 

-.41** 
-.26* 

.41** 

.22 

Undisturbed  seedbed 

.60* 

Woody  perennials 

-.27 

'l 

J./  Degrees  of  freedom  for  the  significant  correlations  in  each  stocking  category  are  68  and  15  in  data  sets  for  partial  cuts  and  36  and  7  in  data  sets  for 
clearcuts  for  Douglas-fir  and  pine  types,  respectively. 

7  Correlation  coefficients  with  0,  1  .  or  2  asterisks  are  significant  at  the  10-,  5-,  and  1-percent  probability  levels,  respectively.  To  determine  the 
(imount  of  total  variation  accounted  for  by  any  single  independent  variable,  square  its  r-value. 
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Table  30— Significant  associations  between  subsequent  stocl<ing  in  cutovers  and  environmental 
variables  by  forest  type 


Environmental  varia 

ble 

and  its 

correlation  coefficient 

(r)  1/   2/ 

Par 

tial  cuts 

Clearcuts 

stocking 
category 

Douglas-fir 

Pine 

Douglas-fir 

Pine 

Total 
subsequent 

Duff  and  litter 
Undisturbed  seedbed 

-0.33** 
-.36** 

True  fir  seed  source 

-0.56* 

Precipitation 

0.48** 

Radiation  index 

-0.79* 

Second-year 

Years 

-.20 

Elevation 
Radiation  index 
Aspect 

.45 

,46 

-.70** 

Undisturbed  seedbed 

.58 

Oouglas-f ir 

Duff  and  litter 
Douglas-fir  seed  source 
Undisturbed  seedbed 

-.39** 

.23 
-.38** 

Elevation 

Slope 

Douglas-fir  seed  source 

.42 

.50* 

.44 

Aspect 

Grass 

Woody  perennials 

Precipitation 

.35* 
-.32* 
.35* 
.50** 

Elevation 

.90* 

True  firs 

Elevation 
Duff  and  litter 
Douglas-fir  seed  source 
True  fir  seed  source 

.33** 
-.20 
-.30* 

.61** 

Slope 

Ground  cover 
Woody  perennials 
Logs,  wood,  bark 

-.49* 
.44 
.44 
.47 

Elevation 

.43** 

Elevation 
Radiation  index 

.72* 
-.60 

Incense-cedar 


Radiation  index 

Aspect 

Years 


Sugar  and  western  Elevation 

white  pine  (for  Slope 

partial  cuts)    Canopy 
Ponderosa  pine    Ground  cover 

(for  clearcuts)  Douglas-fir  seed  source 
Precipitation 


.26* 

.21 

.27* 

.31** 
.30* 
.26* 
.29* 

.26* 
,20 


Douglas-fir  seed  source  -.47 
True  fir  seed  source      .69* 

Ground  cover  -.46 


Elevation 
Canopy 


.56* 
.53* 


Woody  perennials 
Undisturbed  seedbed 


Years 

Woody  perennials 
Logs,  wood,  bark 
Seed  source  distance 


.33* 
.27 


.33* 
.42* 
.46* 
.29 


Logs.  wood,  bark 
Undisturbed  seedbed 


Elevation 

Years 

Precipitation 


.62 
.65 


-.74* 

.59 

-.76* 


1/  Degrees  of  freedom  for  the  significant  correlations  in  each  stocking  category  are  68  and  15  in  data  sets  for  partial  cuts  and  36  and  7  in  data  sets  for 
clearcuts  for  Douglas-fir  and  pine  types,  respectively. 

2/  Correlation  coefficients  with  0.  1 ,  or  2  asterisks  are  significant  at  the  10-.  5-,  and  1-percent  probability  levels,  respectively.  To  determine  the 
amount  of  total  variation  accounted  for  by  any  single  independent  variable,  square  Its  r-value. 
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Table  31— Regressions  between  stocking  and  environmental  variables  for 
Applegate  partial  cuts 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratIo  ]_/ 


Total 

135 

02 

-0.47 

(slope) 

0.19 

-84.93 

(radiation  Index) 

.27 

2.04 

(years) 

.35 

-.19 

(Oouglas-fir  seed  source) 

.39 

Advance 

68 

59 

-.56 

(Douglas-fir  seed  source) 

.27 

all  species 

-.37 

(slope) 

.44 

2.84 

(years) 

.52 

.37 

(duff  and  litter) 

.58 

Advance 

44 

61 

.86 

(duff  and  litter) 

.27 

Oouglas-f 1r 

2.09 

(years) 

.41 

-.55 

(undisturbed  seedbed) 

.48 

-.22 

(Oouglas-fir  seed  source) 

.54 

-1.95 

(aspect) 

.60 

Advance 

45 

36 

-.41 

(Oouglas-fir  seed  source) 

.47 

true  f1rs 

.57 

(true  fir  seed  source) 

.58 

-.37 

(grass) 

.61 

Advance 

29 

53 

-.50 

(slope) 

.30 

incense-cedar 

.34 

(undisturbed  seedbed) 

.36 

1.60 

(years) 

.41 

-65.73 

(radiation  index) 

.47 

Total 

35 

45 

-.51 

(duff  and  litter) 

.17 

subsequent 

-.53 

(slope) 

.24 

.37 

(ground  cover) 

.29 

.01 

(elevation) 

.33 

.23 

(Oouglas-fir  seed  source) 

.38 

Second-year 

9 

22 

-.13 

(canopy) 

.23 

12.89 

(radiation  index) 

.29 

-.04 

(Douglas-fir  seed  source) 

.36 

-.04 

(undisturbed  seedbed) 

.40 

Subsequent 

70 

12 

-.48 

(duff  and  litter) 

.20 

Douglas-fir 

.35 

(Oouglas-fir  seed  source) 

.30 

-.78 

(grass) 

.35 

-.34 

(woody  perennials) 

.43 

Subsequent 

-1 

.45 

.68 

(true  fir  seed  source) 

.42 

true  firs 

-.41 

(slope) 

.53 

.01 

(elevation) 

.59 

.34 

(grass) 

.63 

Subsequent 

1 

.40 

1.37 

(years) 

.23 

incense-cedar 

-.14 

(slope) 

.29 

.27 

(logs,  wood,  bark) 

.35 

Subsequent 

-51 

.45 

74.06 

(radiation  Index) 

.06 

sugar  and  west- 

.014 

(elevation) 

.18 

ern  white  pine 

-.28 

(slope) 

.25 

4/30 


4/30 


5/29 


3/31 


4/30 


5/29 


4/30 


4/30 


4/30 


3/31 


3/31 


4.86* 


10.56*" 


8.79* 


16.45*** 


6.66* 


3.61' 


5.03* 


5.60* 


12.53*** 


5.66* 


3.40* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1-percent;  and  3,  0.1-percent. 
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Table  32— Regressions  between  stocking  and  environmental  variables  for 
Evans  partial  cuts 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom   F-ratio  V 


Total 

176 

29 

1.45 

(duff  and  litter) 

0.12 

.38 

(true  fir  seed  source) 

.18 

-.90 

(undisturbed  seedbed) 

.23 

-.33 

(ground  cover) 

.30 

-141.13 

(radiation  index) 

.35 

-2.59 

(aspect) 

.43 

-.24 

(Douglas-fir  seed  source) 

.49 

Advance 

33 

98 

.68 

(undisturbed  seedbed) 

.22 

all  species 

-.53 

(woody  perennials) 

.34 

-.63 

(ground  cover) 

.44 

.96 

(precipitation) 

.49 

-.82 

(slope) 

.57 

.74 

(Douglas-fir  seed  source) 

.75 

Advance 

43 

42 

-.55 

(ground  cover) 

.23 

Douglas-fir 

.71 

(duff  and  litter) 

.43 

-1.75 

(years) 

.56 

Advance 

-123 

05 

.019 

(elevation) 

.43 

true  firs 

.84 

(true  fir  seed  source) 

.57 

128.99 

(radiation  index) 

.65 

2.16 

(aspect) 

.71 

Advance 

34 

15 

.82 

(duff  and  litter) 

.27 

incense-cedar 

-.62 

(woody  perennials) 

.39 

-.72 

(slope) 

.48 

.50 

(Douglas-fir  seed  source) 

.54 

Total 

239 

66 

-2.13 

(logs,  wood,  bark) 

.17 

subsequent 

-304.76 

(radiation  index) 

.26 

.82 

(canopy) 

.39 

-.61 

(Douglas-fir  seed  source) 

.50 

-3.42 

(aspect) 

.61 

Second-year 

-31 

36 

.009 

(elevation) 

.27 

33.39 

(radiation  index) 

.41 

-.16 

(ground  cover) 

.47 

Subsequent 

67 

.04 

-1.86 

(logs,  wood,  bark) 

.13 

Douglas-fir 

-195.69 

(radiation  index) 

.25 

1.58 

(canopy) 

.41 

-.74 

(duff  and  litter) 

.50 

.014 

(elevation) 

.59 

Subsequent 

7 

.05 

1.13 

(true  fir  seed  source) 

.39 

true  firs 

-.66 

(grass) 

.47 

.38 

(ground  cover) 

.52 

-.34 

(canopy) 

.57 

-.56 

(logs,  wood,  bark) 

.60 

Subsequent 

32 

.04 

-.43 

(slope) 

.33 

incense-cedar 

-.89 

(years) 

.41 

-1.00 

(aspect) 

.46 

.21 

(woody  perennials) 

.52 

Subsequent 

52 

.44 

.0004 

(elevation) 

.30 

sugar  and 

-.37 

(Douglas-fir  seed  source) 

.42 

western 

-.49 

(ground  cover) 

.49 

white  pine 

.92 

(years) 

.56 

-.46 

(precipitation) 

.60 

.22 

(slope) 

.66 

7/17 


6/18 


3/21 


4/20 


4/20 


3/21 


5/19 


4/20 


6/18 


8.95* 


8.88* 


5.85* 


5.99* 


6.31* 


5.44* 


5.84* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1 -percent;  and  3,  0.1 -percent. 


2/  Significant  at  the  10-percent  level. 


Table  33— Regressions  between  stocking  and  environmental  variables  for 
Galice-Glendale  partial  cuts 


Regression  formula 


Statistical  values 


Stocking   =   constant      t      environmental  variable    Cumulative  R^   Degrees  of  freedom    F -ratio  1/ 


Total 

67 

53 

-0 
1 

63     ( 
36     ( 
06     { 

logs,  wood,  bark) 
prec  ipi tat  ion) 
grass) 

0.12 
.23 
.37 

Advance 

71 

37 

56     ( 

duff  and  litter) 

.57 

all  species 

60     ( 
14     ( 

woody  perennials) 
canopy) 

.66 

.74 

Advance 

17 

90 

1 

05     ( 

duff  and  litter) 

.67 

Douglas-fir 

' 

73     ( 
29     ( 

woody  perennials) 
Oouglas-fir  seed  source) 

.79 
.83 

78 

81     ( 

radiat  ion  index) 

.87 

Advance 

-2 

99 

35     ( 

Douglas-fir  seed  snurrp) 

.21 

true  firs 

1 

15     ( 
■Jl     ( 
22     ( 

ground  cover) 

t  rue  f  i  r  seed  sourr  p) 

asper  t ) 

,35 
1( 
.18 

Advance 

-15 

41 

. 

21 

canopy) 

.22 

incense  cedar 

88 

11 

005 
.21 
.10 

aspect ) 

Douglas  fir  seed  snurri') 
elevat  ion) 

undisturbed  seedbed) 
ground  rover) 

.33 
38 
13 
.53 
.58 

Total 

58 

09 

.016 

elevation) 

.1? 

subsequent 

76 
.38 

woody  perennials) 
undisturbed  seedbed) 

.22 
.33 

99 

.17 

radiat  ion  index ) 

.40 

Second-year 

2? 

09 

86 

grass) 

.39 

60 

,58 

radiation  index) 

.47 

" 

.17 
.14 

prec  ipi  tdt  inn ) 
undisturbed  seedheri) 

.53 
.59 

Subsequent 

20 

83 

.29 

undisturbed  seedbi-d) 

18 

Douglas-f i  r 

.016 

.80 

.63 

elevat  ion) 

Douglas  fir  seed  sourin) 

prec  ipi Idt  inn) 

30 
.36 

- 

.84 

woody  perennials) 

.43 

-7 

.76 

aspect ) 

.52 

Subsequent 

-28 

.52 

.71 

true  fir  seed  source) 

.28 

true  firs 

1 

.53 
.17 
.20 
.28 

years) 

ground  rover) 

ranopy) 

logs,  wood,  bark) 

.42 
.5! 
.55 
.59 

Subsequent 

-32 

.11 

.23 

(undisturbed  seedbed) 

.13 

incense-cedar 

,11 

slope) 

.19 

81 

.50 

rad  iat  ion  index ) 

.31 

Subsequent 

11 

.06 

57 

(ground  rover) 

.33 

sugar  and 

.24 

(slope) 

.41 

western 

1 

.53 

(years) 

.46 

white  pine 

.79 

(grass) 

.54 

3/23 


3/23 


4/22 


6/20 


4/22 


6/20 


5/21 


3/23 


4/22 


4.58* 


21 .83* 


36.12* 


3.73* 


3.55* 


1/  1  asterisk  denotes  signif1can[e  of  the  regression  F-ratio  at  the  5  percent  probability  level;  2  asterisks. 
1-percent;  and  3,  0.1-percent. 
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Table  34— Regressions  between  stocking  and  environmental  variables  for 
combined  data  from  Applegate,  Evans,  and  Galice-Glendale  partial  cuts. 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  V 

3/83  8.26*** 


Total 

85 

67 

-0.27 

slope) 

0.14 

.24 

precipitation) 

.19 

-.41 

logs,  wood,  bark) 

.23 

Advance 

23 

25 

.62 

duff  and  litter) 

.19 

all  species 

-.37 

slope) 

.31 

.37 

precipitation) 

.37 

Advance 

36 

96 

.51 

duff  and  litter) 

.25 

Douglas-fir 

.46 

precipitation) 

.36 

-.011 

elevation) 

.44 

-.58 

logs,  wood,  bark) 

.47 

-.96 

years) 

.49 

Advance 

18 

20 

.78 

true  fir  seed  source) 

.34 

true  firs 

-.28 

Douglas-fir  seed  source) 

.42 

.21 

ground  cover) 

.45 

Advance 

42 

33 

-1.76 

aspect) 

.12 

incense-cedar 

.36 

undisturbed  seedbed) 

.17 

1.18 

years) 

.22 

-.31 

precipitation) 

.25 

-.32 

slope) 

.30 

-.27 

canopy) 

.33 

Total 

98 

92 

-.41 

undisturbed  seedbed) 

.09 

subsequent 

-.32 

woody  perennials) 

.11 

-.60 

grass) 

.16 

.87 

years) 

.18 

Second-year 

-4 

52 

24.73 

radiation  index) 

.04 

-.45 

years) 

.09 

.12 

grass) 

.11 

Subsequent 

52 

11 

-.43 

undisturbed  seedbed) 

.13 

Douglas-fir 

.27 

Douglas-fir  seed  source) 

.17 

.006 

elevation) 

.21 

-.71 

grass) 

.24 

-.24 

woody  perennials) 

.26 

Subsequent 

2 

04 

.81 

true  fir  seed  source) 

.38 

true  firs 

-.22 

slope) 

.42 

.005 

elevation) 

.45 

-.30 

grass) 

.48 

Subsequent 

6 

52 

39.57 

radiation  index) 

.06 

Incense-cedar 

-.18 

canopy) 

.11 

-.18 

precipitation) 

.14 

-.16 

slope) 

.18 

-.21 

grass) 

.20 

.003 

elevation) 

.22 

Subsequent 

43 

52 

-.30 

ground  cover) 

.07 

sugar  and 

-.15 

slope) 

.13 

western 

-.16 

Douglas-fir  seed  source) 

.15 

white  pine 

-.27 

true  fir  seed  source) 

.18 

3/S3 


5/81 


3/83 


6/80 


4/82 


3/83 


5/81 


4/82 


6/80 


4/82 


16.07* 


3.55* 


3.83* 


4.47* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1 -percent;  and  3,  0.1 -percent. 
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Table  35— Regressions  between  stocking  and  environmental  variables  for 
Applegate  clearcuts 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratIo  ]_/ 


Total 

66 

24 

1.20 

1.55 

-1.05 

.87 

(precipitation) 
(seed  source  distance) 
(ground  cover) 
(duff  and  litter) 

0.35 
.51 
.63 
.76 

Advance 
all  species 

34 

92 

-.88 
.40 
.008 
.37 

(woody  perennials) 
(undisturbed  seedbed) 
(elevation) 
(precipitation) 

.49 
.62 
.77 
.84 

Advance 
Douglas-fir 

47 

88 

-2.16 
.14 
-.003 
-32.84 

(years) 
(grass) 
(elevation) 
(radiation  index) 

.70 
.79 
.84 
.90 

Advance 
true  firs 

-12 

87 

.008 
-1.05 

(elevation) 
(aspect) 

.42 
.55 

Advance 
Incense-cedar 

27 

95 

1  .08 
-.37 
-.24 
-.96 

(seed  source  distance) 
(precipitation) 
(undisturbed  seedbed) 
(years) 

.52 
.65 
.77 
.85 

Total 
subsequent 

4 

87 

1.35 
1.22 

(precipitation) 

(seed  source  distance) 

.31 
.46 

Second-year 

-0 

89 

.13 

.11 

-.15 

-.34 

.13 

(precipitation) 
(duff  and  litter) 
(logs,  wood,  bark) 
(years) 
(grass) 

.25 
.43 
.62 
.80 
.88 

Subsequent 
Douglas-fir 

-85 

52 

5.26 

1.45 

.68 

(aspect) 
(precipitation) 
(undisturbed  seedbed) 

.17 
.35 
.55 

Subsequent 
true  firs 

-71 

97 

.015 

.69 

.93 

(elevation) 

(precipitation) 

(seed  source  distance) 

.30 
.39 
.50 

Subsequent 
Incense-cedar 

26 

.24 

-.21 

-.20 

-.42 

.74 

(slope) 

(precipitation) 
(logs,  wood,  bark) 
(seed  source  distance) 

.44 
.62 

.68 

.81 

Subsequent 
ponderosa  pine 

86 

.48 

-.44 

-1.85 

-3.52 

.70 

(slope) 

(logs,  wood,  bark) 

(aspect) 

(undisturbed  seedbed) 

.42 
.53 

.68 

.79 

4/10 


4/10 


2/12 


2/12 
5/9 


3/11 


3/11 


7.92* 


12.65*** 


21 .67*** 


7.25* 


5.04* 
1  2 . 80* 


4/10 


10.43** 


9.54* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratlo  at  the  5-percent  probability  level;  2  asterisks, 
1-percent;  and  3,  0.1-percent. 
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Table  36— Regressions  between  stocking  and  environmental  variables  for 
Evans  clearcuts 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  ]_/ 


Total 

99 

48 

1  .60 

(precipitation) 

0.25 

1.73 

(aspect) 

.42 

-1.20 

(logs,  wood,  bark) 

.62 

-164.99 

(radiation  index) 

.71 

-.44 

(slope) 

.81 

Advance 

90 

81 

.73 

(undisturbed  seedbed) 

.26 

all  species 

-4.09 

(aspect) 

.42 

-.33 

(woody  perennials) 

.52 

-.41 

(slope) 

.51 

Advance 

96 

65 

-.93 

(slope) 

.18 

Oouglas-f ir 

1.12 

(duff  and  litter) 

.27 

1.20 

(precipitation) 

.39 

-.013 

(elevation) 

.52 

-129.99 

(radiation  index) 

.59 

-.74 

(undisturbed  seedbed) 

.72 

Advance 

27 

n 

.39 

(undisturbed  seedbed) 

.23 

true  firs 

-2.74 

(aspect) 

.55 

-.16 

(woody  perennials) 

.68 

.004 

(elevation) 

.73 

Advance 

31 

98 

-.20 

(slope) 

.39 

incense-cedar 

-35.63 

(radiation  index) 

.56 

-.50 

(aspect) 

.63 

Total 

-39 

39 

-1  .51 

(logs,  wood,  bark) 

.25 

subsequent 

6.30 

(aspect) 

.40 

1.52 

(precipitation) 

.69 

Subsequent 

-165 

21 

5.88 

(aspect) 

.24 

Oouglas-f ir 

1.36 

(precipitation) 

.50 

1.01 

(ground  cover) 

.65 

.011 

(elevation) 

.76 

Subsequent 

14 

74 

-2.52 

(years) 

.32 

true  firs 

-15.92 

(radiation  index) 

.57 

.26 

(slope) 

.68 

1.30 

(aspect) 

.78 

Subsequent 

-5 

02 

-.69 

(duff  and  litter) 

.25 

incense-cedar 

.013 

(elevation) 

.40 

Subsequent 

159 

18 

-1  .27 

(undisturbed  seedbed) 

.25 

ponderosa  pine 

-214.20 

(radiation  index) 

.41 

.46 

(seed  source  distance) 

.60 

5/9 


4/10 


6/8 


4/10 


3/11 


3/11 


4/10 


4/10 


2/12 
3/11 


7.66* 


3.94* 


2/  3.45 


6.30** 


8.19* 


8.12* 


4.03* 
5.42* 


]_/   1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1-percent;  and  3,  0.1-percent. 


2/  Significant  at  the  10-percent  level. 
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Table  37— Regressions  between  stocking  and  environmental  variables  for 
Galice-Glendale  clearcuts 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-rat1o  ]_/ 


Total 

156 

03 

-141 .99 
-.45 

(radiation  index) 
(slope) 

Advance 
all  species 

199 

22 

-308.00 
-4.69 

(radiation  index) 
(aspect) 

Advance 
Douglas-fir 

67 

47 

-106.37 

-4.73 

.39 

.53 

(radiation  index) 

(years) 

(duff  and  litter) 

(precipitation) 

Advance 
true  firs 

-26 

09 

.56 

.41 

-.41 

(precipitation) 
(duff  and  litter) 
(slope) 

Advance 
Incense-cedar 

5 

99 

-1.15 

.08 

.10 

-.07 

(years) 

(duff  and  litter) 

(precipitation) 

(logs,  wood,  bark 

Total 
subsequent 

141 

52 

-105.26 
-.56 

(radiation  index) 
(slope) 

Second -year 

-15 

91 

.29 
.001 
.12 

(aspect) 
(elevation) 
(ground  cover) 

Subsequent 
Douglas-fir 

289 

27 

-2.67 

-2.87 

-1.61 

-81 .56 

(grass) 

(years) 

(woody  perennials 

(radiation  index) 

Subsequent 
true  firs 

-13 

85 

.011 

-57.10 

1.44 

(elevation) 
(radiation  index) 
(years) 

Subsequent 
Incense-cedar 

-124 

60 

2.62 
.011 
.98 

(aspect) 
felevation) 
(ground  cover) 

Subsequent 
ponderosa  pine 

08 

1.24 

(grass) 

0.35 
.46 

.30 
.38 

.33 
.50 
.55 
.67 

.15 
.31 
.39 

.31 
.38 
.51 
.57 

.20 
.39 

.15 
.28 
.49 

.38 
.52 
.61 
.69 

.41 
.50 
.57 

.19 
.28 
.47 


2/14 
2/14 
4/12 

3/13 
4/12 

2/14 
3/13 

4/12 

3/13 
3/13 
1/15 


6.02* 


6.00* 


2/  2.78 


4.01* 


4.23* 


5.82* 


200.45* 


]_/   1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1 -percent;  and  3,  0.1 -percent. 


2/  Significant  at  the  10-percent  level. 
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Table  38— Regressions  between  stocking  and  environmental  variables  for 
combined  data  from  Applegate,  Evans,  and  Galice-Glendale  clearcuts 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratIo  ]_/ 


Total 


155.62 


Advance  133.38 

all   species 


Advance 
Oouglas-f ir 


Advance 
true  f1rs 


70.09 


Advance        11.02 
Incense-cedar 


Total  79.05 

subsequent 


Second-year      1 .03 


Subsequent 
Oouglas-f Ir 


Subsequent 
true  f1rs 


5.01 


-20.76 


Subsequent      36.21 
Incense-cedar 


Subsequent      84.19 
ponderosa  pine 


0.15 

seed  source  distance) 

-93.66 

radiation  Index) 

-.27 

slope) 

.26 

precipitation) 

-.49 

woody  perennials) 

-.56 

grass) 

.25 

seed  source  distance) 

.27 

undisturbed  seedbed) 

.38 

precipitation) 

176.57 

radiation  index) 

-1.60 

years) 

-2.91 

aspect) 

-.29 

woody  perennials) 

-84.50 

radiation  index) 

-.007 

elevation) 

.29 

precipitation) 

-2.14 

years) 

.24 

duff  and  litter) 

.004 

elevation) 

.32 

duff  and  litter) 

.21 

precipitation) 

-.36 

ground  cover) 

-2.76 

aspect) 

107.49 

radiation  index) 

-.22 

slope) 

-.11 

woody  perennials) 

-.09 

slope) 

-.08 

precipitation) 

.15 

ground  cover) 

-.15 

grass) 

.29 

precipitation) 

1.51 

aspect) 

-.45 

woody  perennials) 

-.52 

grass) 

.02 

precipitation) 

.02 

duff  and  litter) 

-.03 

ground  cover) 

3.85 

aspect) 

,53 

precipitation) 

-1.86 

years) 

.01 

elevation) 

.23 

precipitation) 

-37.43 

radiation  Index) 

.12 

undisturbed  seedbed) 

-.52 

woody  perennials) 

-.74 

grass) 

.30 

ground  cover) 

-.47 

woody  perennials) 

.43 

seed  source  distance) 

-.71 

logs,  wood,  bark) 

-.33 

precipitation) 

0.06 
.09 
.16 
.19 
.25 
.30 

.11 
.17 
.21 
.27 
.33 
.38 
.42 

.09 
.19 
.26 
.36 
.43 

.09 
.20 
.26 
.31 
.33 
.42 
.47 

.09 
.14 
.19 
.24 
.28 

.04 
.08 
.13 
.17 

.03 
.06 
.10 

.12 
.28 
.35 

.30 
.38 

.43 
.47 

.06 
.13 
.17 

.21 
.32 
.38 
.44 


6/40 


7/39 


5/41 


7/39 


5/41 


4/42 


3/43 


3/43 


4/42 


3/43 


4/42 


2.88* 


4.01' 


4.98* 


3.14* 


2/  2.19 


3/  1.51 


7.56* 


9 . 1 3*** 


3.01' 


8.25* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratIo  at  the  5-percent  probability  level;  2  asterisks, 
1-percent;  and  3,  0.1-percent. 


2/  Significant  at  the  10-percent  level. 
3/  Significant  at  the  25-percent  level. 


f 

1 
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Table  39— Regressions  between  stocking  and  environmental  variables  for 
partial  cuts  in  the  Douglas-fir  type 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  ]_/ 


Total 

101.22 

-0.33 

(slope) 

0.15 

1.58 

(years) 

.19 

.48 

(precipitation) 

.25 

-48.17 

(radiation  index) 

.29 

-.36 

(logs,  wood,  bark) 

.32 

-.18 

(woody  perennials) 

.35 

Advance 

36.75 

.72 

(duff  and  litter) 

.21 

all  species 

-.57 

(slope) 

.43 

.67 

(precipitation) 

.50 

-.26 

(woody  perennials) 

.53 

Advance 

54.88 

.64 

(duff  and  litter) 

.29 

Douglas-fir 

-.012 

(elevation) 

.47 

.44 

(precipitation) 

.55 

-.25 

(slope) 

.56 

-45.16 

(radiation  index) 

.59 

Advance 

16.97 

.62 

(true  fir  seed  source) 

.34 

true  firs 

-.21 

(Douglas-fir  seed  source) 

.39 

-.24 

(slope) 

.41 

.007 

(elevation) 

.44 

Advance 

49.80 

2.26 

(years) 

.17 

incense-cedar 

-1.89 

(aspect) 

.28 

-.31 

(woody  perennials) 

.37 

-.24 

(slope) 

.39 

.31 

(undisturbed  seedbed) 

.42 

-.35 

(canopy) 

.46 

Total 

96.68 

-.46 

(undisturbed  seedbed) 

.13 

subsequent 

-.31 

(woody  perennials) 

.15 

1.10 

(years) 

.18 

-.47 

(grass) 

.21 

Second-year 

-4.01 

-.58 

(years) 

.04 

24.99 

(radiation  index) 

.10 

.18 

(grass) 

.14 

Subsequent      56.57 
Douglas  -fir 


-.50 


(duff  and  litter) 


Subsequent 
true  firs 


1.70 


Subsequent      -1 .35 
incense-cedar 


Subsequent 
sugar  and 
western 
white  pine 


29.53 


.78 

(true  fir  seed  source) 

.37 

-.35 

(grass) 

.41 

-.25 

(slope) 

.44 

.005 

(elevation) 

.47 

.88 

(years) 

.07 

-.20 

(canopy) 

.13 

28.42 

(radiation  index) 

.18 

-.002 

(elevation) 

.09 

-.30 

(ground  cover) 

.18 

-.19 

(slope) 

.23 

.18 

(canopy) 

.26 

4/65 
5/64 

4/65 
6/63 

4/55 

3/66 

1/68 
4/65 

3/66 
4/65 


18.07*** 


9.00* 


4.22* 


4.98* 


5.55* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1 -percent;  and  3,  0.1 -percent. 
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Table  40— Regressions  between  stocking  and  environmental  variables  for 
partial  cuts  in  the  pine  types 


Regression  formula 


Statistical  values 


Stocking   =   constant 


tal  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  \/ 


+     environmental  variable 

Cumu1ati\ 

0.018 

elevation) 

0.18 

-2.21 

years) 

.47 

-.95 

logs,  wood,  bark) 

.57 

.29 

woody  perennials) 

.68 

-74.71 

radiation  index) 

.78 

-.28 

canopy) 

.85 

.97 

slope) 

.19 

-.96 

grass) 

.32 

.49 

duff  and  litter) 

.41 

-1.56 

logs,  wood,  bark) 

.28 

-.43 

ground  cover) 

.46 

.25 

precipitation) 

.55 

-3.37 

years) 

.60 

-.43 

Douglas-fir  seed  source) 

.67 

.67 

slope) 

.75 

-.36 

Douglas-fir  seed  source) 

.39 

.41 

true  fir  seed  source) 

.61 

.54 

ground  cover) 

.75 

-79.62 

radiation  index) 

.81 

.69 

logs,  wood,  bark) 

.85 

1  .72 

undisturbed  seedbed) 

.36 

-.54 

precipitation) 

.49 

.82 

woody  perennials) 

.66 

.76 

slope) 

.77 

-.86 

true  fir  seed  source) 

.31 

-.72 

grass) 

.46 

.17 

Douglas-fir  seed  source) 

.56 

-1.28 

aspect) 

.49 

-.11 

precipitation) 

.63 

-.23 

grass) 

.76 

.47 

slope) 

.25 

-.79 

grass) 

40 

.41 

Oouglas-fir  seed  source) 

.60 

.016 

elevation) 

.75 

1.11 

true  fir  seed  source) 

.48 

.36 

ground  cover) 

.62 

.42 

undisturbed  seedbed) 

.72 

.01 

elevation) 

.80 

-55.76 

radiation  index) 

.85 

-.18 

ground  cover) 

.21 

-4.85 

aspect) 

.34 

-.38 

precipitation) 

.43 

-.57 

grass) 

.55 

-.76 

canopy) 

.68 

162.37 

radiation  index) 

.76 

.015 

elevation) 

.31 

-.76 

canopy) 

.47 

-.45 

duff  and  litter) 

.56 

Total 


92.17 


Advance  10.90 

all   species 


Advance  103.60 

Douglas-fir 


Advance  37.46 

true   firs 


Advance  -133.97 

incense-cedar 


Total  59.76 

subsequent 


Second-year  22.36 


Subsequent  -38.76 

Oouglas-fir 


Subsequent  -40.96 

true  firs 


Subsequent  205.97 

incense-cedar 


Subsequent  27.48 

sugar  and  west- 
ern white  pine 


5/10 


3/13 


6/10 


5/n 


4/12 


3/13 


3/13 


4/12 


5/11 


6/10 


3/13 


9.10* 


2/  3.02 


4.92* 


10.06* 


5.57* 


13.44* 


9.21' 


5.16* 


5.45* 


]_/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-perccnt  probability  level;   2  asterisks, 
1-pcrcent;   and  3,   0.1-percent. 


2/  Significant  at  the  10-percent  level. 
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Table  41— Regressions  between  stocking  and  environmental  variables  for 
clearcuts  in  the  Douglas-fir  type 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  ]_/ 


Total 

B4 

90 

0.68 

precipitation) 

0.25 

.20 

seed  source  distance) 

.32 

-.47 

woody  perennials) 

.40 

-.51 

grass) 

.45 

Advance 

51 

87 

.26 

seed  source  distance) 

.13 

all  species 

-2.45 

years) 

.20 

-69.36 

radiation  index) 

.26 

.30 

duff  and  litter) 

.30 

.28 

precipi tat  ion) 

.36 

Advance 

73 

32 

-.007 

elevation) 

.09 

Douglas-fir 

-86.39 

radiation  index) 

.20 

-2.17 

years) 

.30 

.27 

prec  ipi tat  ion) 

.34 

.24 

duff  and  litter) 

.40 

Advance 

-10 

26 

.005 

elevation) 

.16 

true  firs 

.12 

seed  source  distance) 

.24 

Advance 

29 

64 

-.16 

slope) 

.08 

incense-cedar 

-.08 

precipi tat  ion) 

.17 

-24.10 

radiation  index) 

.22 

-.08 

woody  perennials) 

.27 

Total 

64 

68 

.70 

precipitation) 

.23 

subsequent 

-.49 

woody  perennials) 

.30 

-.56 

grass) 

.35 

1  .58 

years) 

.40 

Second-year 

15 

55 

-.07 

ground  cover) 

.07 

-.05 

slope) 

.11 

.03 

duff  and  litter) 

.14 

-.02 

seed  source  distance) 

18 

-12.29 

radiation  index) 

.2? 

-.21 

aspect) 

.29 

-0005 

elevation) 

.34 

Subsequent 

-27 

77 

,84 

precipiation) 

.25 

Douglas-fir 

3.90 

aspect) 

.42 

Subsequent 

-12 

19 

.005 

elevation) 

.18 

true  firs 

.11 

seed  source  distance) 

.24 

Subsequent 

50 

05 

-.47 

woody  perennials) 

.11 

incense-cedar 

-.53 

grass) 

.20 

Subsequent 

74 

38 

-.85 

logs,  wood,  bark) 

.21 

ponderosa  pine 

.41 

seed  source  distance) 

.30 

-.50 

woody  perennials) 

.39 

5/32 


2/35 


2/35 


5.47* 


2/  2.23 


12.42* 


4.35* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks. 
1-percent;  and  3.  0.1-percent. 


2/  Significant  at  the  10-percent  level 
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Table  42— Regressions  between  stocking  and  environmental  variables  for 
clearcuts  in  the  pine  types 


Regression  formula 


Statistical  values 


Stocking   =   constant     +     environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  ]_/ 


Total 

270.47 

-406 
-6 

.61 
.71 
.012 

(radiation  index) 

(aspect) 

(elevation) 

0.58 
.78 
.94 

Advance 
all  species 

-0.69 

.69 

(duff  and  litter) 

.36 

Advance 
Oouglas-f ir 

-0.89 

.33 

(duff  and  litter) 

.41 

Advance 
true  firs 

-1  .99 

.62 

(duff  and  litter) 

.31 

Total 
subsequent 

253.89 

-386 
-5 

.11 
.94 
.012 

(radiation  index) 

(aspect) 

(elevation) 

.62 
.77 
.91 

Second-year 

-16.04 

.02 
.16 
.50 

(undisturbed  seedbed) 
(ground  cover) 
(aspect) 

.33 
.44 
.78 

Subsequent 
Douglas-fir 

-93.92 

3 
-1 

.028 

.24 

.21 

(elevation) 

(years) 

(grass) 

.81 
.91 
.96 

Subsequent 
true  firs 

-73.89 

.025 
.48 

(elevation) 
(duff  and  Utter) 

.52 
.73 

Subsequent 
Incense-cedar 

-3.11 

.45 

(undisturbed  seedbed) 

.42 

Subsequent 
ponderosa  pine 

-7.39 

2 

.27 
.29 

(precipitation) 
(years) 

.57 
.90 

3/5 

1/7 
1/7 
1/7 
3/5 

3/5 

3/5 

2/6 
1/7 
2/5 


25. 17** 

2/  3.90 
2/  4.89 
3/  3.19 
15.77** 

5.97* 

42.90*** 

8.26* 
2/  5.05 
25.95** 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level; 
1 -percent;  and  3.  0.1 -percent. 

2/  Significant  at  the  10-percent  level. 

3/  Significant  at  the  12-percent  level. 


2  asterisks. 
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Table  43— Prediction  equations  for  subsequent  stoclting  in  partial  cuts  by 
forest  type 


Regression  formula 


Statistical  values 


Stocking   =   constant    +      environmental  variable    Cumulative  R^   Degrees  of  freedom   F-ratIo  ]_/ 

DOUGLAS-FIR  TYPE 


Total 

76 

93 

-0.45 

(undisturbed  seedbed) 

0.13 

Second-year 

-3 

46 

16.69 

(radiation  index) 

.04 

Oouglas-f ir 

49 

71 

-.46 
.19 

(duff  and  litter) 
(Douglas-fir  seed  source) 

.15 
.17 

True  firs 

88 

.77 
-.27 
.006 

(true  fir  seed  source) 

(slope) 

(elevation) 

.37 
.41 
.44 

Incense-cedar 

3 

18 

39.11 
-.15 
-.13 

(radiation  index) 

(canopy) 

(precipitation) 

.07 

.n 

.14 

Sugar  and  west- 
ern white  pine 

41 

63 

-.007 
-.19 

(elevation) 

(Douglas-fir  seed  source) 

PINE  TYPES 

.09 

.18 

Total 

68 

34 

-.81 

(true  fir  seed  source) 

.31 

Second-year 

43 

86 

-1.83 

-.08 

-40.97 

(aspect) 
(precipitation) 
(radiation  index) 

.49 
.63 
.68 

Douglas-fir 

-43 

32 

.26 
.39 

.019 

(slope) 

(Douglas-fir  seed  source) 

(elevation) 

.25 
.39 
.63 

True  firs 

41 

11 

.28 

-.33 

-81.28 

.43 

.61 

(true  fir  seed  source) 

(Douglas-fir  seed  source) 

(radiation  index) 

(canopy) 

(logs,  wood,  bark) 

.48 
.61 
.72 
.81 
.87 

Incense-cedar 

238 

58 

-.90 

-5.81 

-.34 

-228.96 

(canopy) 
(aspect) 
(precipitation) 
(radiation  index) 

.13 
.27 
.49 
.66 

Sugar  and 
western 
white  pine 

27 

48 

.015 
-.76 
-.45 

(elevation) 

(canopy) 

(duff  and  litter) 

.31 
.47 
.56 

1/68 

10.13** 

1/68 

2/  2.51 

2/67 

6.99** 

3/66 

17.1 4*** 

3/66 


2/67 


1/15 
3/13 


3/13 


4/12 


3.66* 


7.13** 


6.75* 
9.24* 


7.25* 


15.36*** 


5.83* 


5.45* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1-percent;  and  3,  0.1-percent. 


2/  Significant  at  the  12-percent  level. 
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Table  44— Prediction  equations  for  subsequent  stocking  in  clearcuts  by 
forest  type 


Regression  formula 


Statistical  values 


Stocking   =   constant     +      environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  1_/ 

DOUGLAS-FIR  TYPE 


Total 

47.77 

0.60 
-.36 

(precipitation) 
(logs,  wood,  bark) 

0.23 
.27 

Douglas-fir 

-27.77 

.84 
3.90 

(precipitation) 
(aspect) 

.25 
.42 

True  firs 

-12.19 

.005 
.11 

(elevation) 

(seed  source  distance) 

.18 
.24 

Incense-cedar 

13.98 

-.24 
.20 

(undisturbed  seedbed) 
(seed  source  distance) 

.07 
.14 

Ponderosa  pine 

54.45 

-1.09 

.38 

-.36 

(logs,  wood,  bark) 
(seed  source  distance) 
(precipitation) 

PINE  TYPES 

.21 
.30 
.35 

Total 

253.89 

-386.11 
-5.94 
.012 

(radiation  index) 

(aspect) 

(elevation) 

.62 
.77 
.91 

Second-year 

-21.65 

.06 

.76 

30.68 

(undisturbed  seedbed) 
(aspect) 
(radiation  index) 

.33 
.39 
.66 

Douglas-fir 

-35.09 

.023 

.24 

(elevation) 
(duff  and  litter) 

.81 
.89 

True  firs 

-73.89 

.025 
.48 

(elevation) 
(duff  and  litter) 

.52 
.73 

Incense-cedar 

-4.33 

1.00 
-.59 

(undisturbed  seedbed) 
(duff  and  litter) 

.42 
.53 

Ponderosa  pine 

75.59 

-.18 

-.01 

-34.97 

-.15 

(precipitation) 
(elevation) 
(radiation  index) 
(slope) 

.57 
.84 
.91 
.96 

2/35 

6.59** 

2/35 

12.42*** 

2/35 

5 . 58** 

2/35 

2/  2.77 

3/34 

5.97** 

3/5 


3/5 


16.77** 


y   3.26 


2/6 

25.34' 

2/6 

8.26' 

2/6 

3/  3.32 

4/4 

25.39' 

1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1-percent;  and  3,  0.1-percent. 


2/  Significant  at  the  10-percent  level. 
3/  Significant  at  the  12-percent  level. 
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Table  45— Prediction  equations  for  subsequent  stocking  in  partial  cuts  by 
geographic  area 


Regression  formula 


Statistical  values 


Stocking   =   constant     +      environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratIo  ]_/ 


APPLEGATE 

Total 

48 

02 

-0.41 

(duff  and  litter) 

0.17 

-.51 

(slope) 

.24 

.25 

(Douglas-fir  seed  source) 

.28 

.01 

(elevation) 

.34 

Second-year 

9 

22 

-.13 

(canopy) 

.23 

12.89 

(radiation  index) 

.29 

-.04 

(Oouglas-f1r  seed  source) 

.36 

-.04 

(undisturbed  seedbed) 

.40 

Douglas-fir 

62 

69 

-.46 

(duff  and  litter) 

.20 

.34 

(Douglas-fir  seed  source) 

.30 

-55.98 

(radiation  index) 

.34 

True  firs 

-15 

73 

.60 

(true  fir  seed  source) 

.42 

-.45 

(slope) 

.53 

.009 

(elevation) 

.59 

1.45 

(aspect) 

.62 

Incense-cedar 

12 

63 

-.19 

(slope) 

.14 

.24 

(logs,  wood,  bark) 

.19 

Sugar  and  west- 

-51 

45 

74.06 

(radiation  index) 

.06 

ern  white  pine 

.014 

(elevation) 

.18 

-.28 

(slope) 

.25 

4/30 


4/30 


3/31 


4/30 


2/32 
3/31 


3.88* 


5.03* 


5.28* 


12.14*** 


3.70* 
3.40* 


EVANS 


Total  239.66    -2, 

-304 


Second-year    -38.33 


13 
76 
.82 
.61 
.42 

.01 
.33 
.19 


Douglas-fir  67.04         -1 

-195 

1 


True  firs  11 .66  1 

-57 


Incense-cedar    35.59 


Sugar  and  west-  49.74 
ern  white  pine 


86 
69 
.58 

.74 
.014 

.13 
.19 
.96 
.009 

.36 
.84 

.01 
.21 


(logs,  wood,  bark) 

.17 

(radiation  index) 

.26 

(canopy) 

.39 

(Douglas-fir  seed  source) 

.50 

(aspect) 

.61 

(elevation) 

.27 

(radiation  index) 

.41 

(true  fir  seed  source) 

.46 

(logs,  wood,  bark) 

.13 

(radiation  index) 

.25 

(canopy) 

.41 

(duff  and  litter) 

.50 

(elevation) 

.59 

(true  fir  seed  source) 

.39 

(radiation  index) 

.43 

(logs,  wood,  bark) 

.50 

(elevation) 

.54 

(slope) 

.33 

(aspect) 

.39 

(elevation) 

.30 

(Douglas-fir  seed  source) 

.42 

5/19 


3/21 


5/19 


4/20 


2/22 
2/22 


5.99* 


5.39* 


6.90** 
7.85** 


See  footnotes  at  end  of  table. 
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Table  45— Prediction  equations  for  subsequent  stocking  in  partial  cuts  by 
geographic  area  (continued) 


stocking 


Regression  formula 


Statistical  values 


environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  1/ 


GALICE-GLENDALE 


Total 

42, 

89 

0.012 

(elevation) 

.1? 

-.31 

(undisturbed  seedbed) 

.18 

Second-year 

28 

,31 

-.009 

(elevation) 

29 

Oouglas-f ir 

-38 

.47 

-.29 

(undisturbed  seedbed) 

.18 

.01 

(elevation) 

.24 

.54 

(Douglas-fir  seed  source) 

.30 

.49 

(prec  ipi tation) 

.36 

True  firs 

15 

.55 

.44 

(true  fir  seed  source) 

.28 

.32 

(canopy) 

.34 

-.21 

(Onuglas-fir  seed  source) 

.39 

-.24 

(duff  and  litter) 

.48 

Incense-cedar 

-32 

.41 

-.23 

(undisturbed  seedbed) 

.13 

.41 

(slope) 

.19 

81.50 

(radiation  index) 

.31 

Sugar  and  west- 

4 

.78 

.37 

(duff  and  litter) 

.18 

ern  white  pine 

-.22 

(slope) 

.21 

2/24 

2/  2.65 

1/25 

10.02** 

4/22 

3.07* 

2/24 


5.16* 


3.45* 


AREAS  COMBINED 


Total 

65 

.32 

- 

.36 

(undisturbed  seedbed) 

,09 

" 

.25 
.007 

(slope) 
(elevation) 

.11 
.14 

Second-year 

-4 

.17 

17 

.72 

(radiation  index) 

.04 

Douglas-fir 

26 

.92 

- 

.40 
.24 
.008 

(undisturbed  seedbed) 
(Douglas-fir  seed  source) 
(elevation) 

.13 
.17 
.21 

True  firs 

1 

.24 

.81 

(true  fir  seed  source) 

.38 

' 

.25 
.005 

(slope) 
(elevation) 

.42 
.45 

Incense-cedar 

15 

.15 

36 

.93 

(radiation  index) 

.06 

- 

.22 

(canopy) 

.11 

- 

.15 

(precipitation) 

.14 

- 

.14 

(slope) 

.18 

Sugar  and  west- 

25 

.53 

- 

.21 

(Douglas-fir  seed  source) 

.05 

ern  white  pine 

- 

.29 

(true  fir  seed  source) 

.09 

3/83 


1/85 
3/83 


4/82 


2/84 


4.66* 


2/  3.64 
7.42*** 


23.04*** 


3.93* 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1-percent;  and  3,  0.1-percent. 


2/  Significant  at  the  10-percent  level. 
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Table  46— Prediction  equations  for  subsequent  stocking  in  clearcuts  by 
geographic  area 


Regression  formula 


Statistical  values 


Stocking   =   constant    +      environmental  variable    Cumulative  R^   Degrees  of  freedom    F-ratio  ]_/ 


Total 


Second-year 


Douglas-fir 


True  firs 


-27.69 


-4.53 


-71  .97 


Incense-cedar  25.24 


Ponderosa  pine       86.48 


APPLEGATE 

1 
1 

2 

.59 
.36 
.02 

(precipitation) 

(seed  source  distance) 

(aspect) 

0.31 
.45 
.53 

_ 

.14 
.11 
.09 

(precipitation) 
(duff  and  litter) 
(logs,  wood,  bark) 

.25 
.43 
.62 

5 
1 

.26 
.45 
.68 

(aspect) 
(precipitation) 
(undisturbed  seedbed) 

.17 
.35 
.55 

.015 

.69 

.93 

(elevation) 

(precipitation) 

(seed  source  distance) 

.30 
.39 
.50 

- 

.21 
.20 
.42 
.74 

(slope) 

(precipitation) 
(logs,  wood,  bark) 
(seed  source  distance) 

.44 
.52 

.68 
.81 

1 
3 

.44 
.85 
.52 
.70 

(slope) 

(logs,  wood,  bark) 

(aspect) 

(undisturbed  seedbed) 

.42 

.53 
.68 

.79 

3/11 


3/11 


3/11 


4/10 


4/10 


4.12* 


5.86* 


4.53* 


3.62* 


10.43* 


Total 


Oouglas-f ir 


True  firs 


Incense-cedar 


-39.39 


-100.24 


18.10 


-5.02 


Ponderosa  pine     159.18 


EVANS 

-1 .51  ( logs,  wood,  bark) 

5.30  (aspect) 

1  .52  (precipitation) 

6.57  (aspect) 

1  .14  (precipitation) 

.012  (elevation) 

.15  (seed  source  distance) 

.004  (elevation) 

-.23  (duff  and  litter) 

-54.46  (radiation  index) 

-.69  (duff  and  litter) 

.013  (elevation) 

-1.27  (undisturbed  seedbed) 

-214.20  (radiation  index) 

.45  (seed  source  distance) 


.25 
.40 
.69 

.24 

.50 
.63 

.31 
.45 
.54 
.74 

.25 
.40 

.25 
.41 
.60 


3/11 


4/10 


2/12 
3/11 


6.17* 


4.03* 
5.42* 


See  footnotes  at  end  of  table. 


Table  46— Prediction  equations  for  subsequent  stocking  in  clearcuts  by 
geographic  area  (continued) 


Regression    formula 


Statistical   values 


Stocking 


environmental  variable    Cumulative  R^   Degrees  of  freedo 


F-ratio  1/ 


GALICE-GLENDALE 


Total 

141 .52 

-105.26 
-.56 

(radiation  index) 
(slope) 

.20 
.39 

Second-year 

-3.61 

.20 
.001 

(aspect) 
(elevation) 

.15 
.28 

Douglas-fir 

125.00 

-.91 

-132.54 

.38 

(duff  and  litter) 
(radiation  index) 
(undisturbed  seedbed) 

.28 
.53 
.57 

True  firs 

-6.55 

.014 
-54.98 

(elevation) 
(radiation  index) 

.41 
.50 

Incense-cedar 

-30.48 

1  .67 
.006 
.15 

(aspect) 
(elevation) 
(undisturbed  seedbed) 

.19 
.28 

.37 

Ponderosa  pine 

11.39 

-.47 

.27 

60.74 

(precipitation) 
(duff  and  litter) 
(radiation  index) 

.38 
.51 
.51 

2/14 
2/14 
3/13 

2/14 
3/13 

3/13 


2/  2.70 


2/  2.50 


6.67** 


AREAS  COMBINED 


Total 

42.33 

.22 
1.56 

(precipitation) 
(aspect) 

.04 
.08 

Second-year 

-.17 

.01 

(precipitation) 

.03 

Douglas-fir 

-9.56 

3.52 
.46 
.45 

-.26 

(aspect) 
(precipitation) 
(logs,  wood,  bark) 
(duff  and  litter) 

.12 
.28 
.33 
.38 

True  firs 

-20.76 

.01 

.23 

-37.43 

.12 

(elevation) 
(precipitation) 
(radiation  index) 
(undisturbed  seedbed) 

.30 
.38 
.43 
.47 

Incense-cedar 

7.62 

.15 

(seed  source  distance) 

.03 

Ponderosa  pine 

54.19 

-.46 

-.90 

.43 

(precipitation) 
(logs,  wood,  bark) 
(seed  source  distance) 

.15 
.28 

.37 

2/44 


4/42 


1/45 
3/43 


3/  2.02 


1/45  4/  1 .52 

4/42  6.30*** 


9.13* 


4/  1 .48 
8.59*** 


1/  1  asterisk  denotes  significance  of  the  regression  F-ratio  at  the  5-percent  probability  level;  2  asterisks, 
1-percent;  and  3,  0.1-percent. 


2/  Significant  near  the  10-percent  level. 
3/  Significant  at  the  15-percent  level. 
4/  Significant  at  the  23-percent  level. 
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Stein,  William  I.  Regeneration  outlook  on  BLM  lands  in  the  Siskiyou  Mountains.  Res. 
Pap.  PNW-349.  Portland,  OR:  U.S.  Department  of  Agriculture,  Forest  Service,  Pacific 
Northwest  Research  Station;  1986.  104  p. 

A  survey  of  timberland  cut  over  from  1956  to  1971  in  the  Applegate,  Evans,  and  Galice- 
Glendale  areas  of  southwestern  Oregon  showed  that  both  partial  cuts  and  clearcuts 
were  well  stocked  with  a  combination  of  regeneration  that  started  before  and  after 
harvest  cutting.  Advance  regeneration  was  a  major  stocking  component  in  partial  cuts. 
Douglas-fir  (Pseudotsuga  menziesii  (Mirb.)  Franco)  was  the  predominant  species  of  ad- 
vance and  subsequent  regeneration  in  both  partial  cuts  and  clearcuts.  Stocking  differed 
significantly  by  forest  type,  soil  series,  soil  origin,  soil  depth,  and  stream  drainage  and 
correlated  with  an  array  of  environmental  variables.  Regression  equations  describe  pre- 
sent stocking  patterns,  and  other  equations  predict  future  stocking  based  on  variables 
that  can  be  observed  or  specified  before  harvest.  Reforestation  can  be  improved  by 
paying  greater  attention  to  forest  type,  soil  series,  site  conditions,  and  differences  in 
plant  communities  when  selecting  harvest  method  and  reforestation  techniques. 


Keywords:  Regeneration  (stand),  regeneration  (natural),  regeneration  (artificial),  clearcut- 
ting  systems,  partial  cutting,  stand  development,  Oregon  (Siskiyou  Mountains), 
southwestern  Oregon. 
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Abbreviations 


states 


Industries 


AL 

Alabanna 

AR 

Arkansas 

FL 

Florida 

GA 

Georgia 

KY 

Kentucky 

LA 

Louisiana 

MS 

Mississippi 

NC 

North  Carolina 

OK 

Oklahoma 

OR 

Oregon 

SC 

South  Carolina 

TN 

Tennessee 

TX 

Texas 

VA 

Virginia 

WA 

Washington 

Regions 

ESC 

East  South  Central 

MSO   Mid-South 

PNW  Pacific  Northwest  (Oregon  and 

Washington) 

RON 

1    Rest  of  Nation 

SAT 

South  Atlantic 

SO 

South 

US 

United  States 

WSC   West  South  Central 

FPI      Forest  Products  Industry 
LWP    Lumber  and  Wood 

Products 
PAP     Paper  and  Allied 

Products 
WF      Wood  Furniture 
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\bstract  Schallau,  Con  H;  Maki,  Wilbur  R.  Economic  impacts  of  interregional  competition 

in  the  forest  products  industry  during  the  1970's:  the  South  and  the  Pacific  North- 
west. Res.  Pap.  PNW-350.  Portland,  OR:  U.S.  Department  of  Agriculture,  Forest 
Service,  Pacific  Northwest  Research  Station;  1986.  44  p. 

Until  the  1970's,  the  Pacific  Northwest  dominated  national  markets  for  softwood 
lumber  and  plywood.  During  the  1970's,  however,  the  region's  share  declined  while 
production  increased  in  the  South.  Meanwhile,  the  South's  and  the  Pacific  North- 
-  west's  shares  of  the  Nation's  employment  in  lumber  and  wood  products  declined. 
This  resulted  mainly  from  the  increase  in  lumber  imports  from  Canada  and  the 
construction  of  new,  state-of-the-art  plywood  mills  in  the  South.  Trends  in  Canada 
and  the  South  suggest  that  the  Pacific  Northwest  could  regain  its  dominant  posi- 
tion as  the  supplier  of  solid  softwood  products.  Although  employment  in  the  forest 
products  industry  will  unlikely  return  to  past  levels,  the  industry  will  continue  to  play 
an  important  role  in  the  region's  economic  growth  and  development. 

Keywords:  Economic  impact,  interregional  competition,  economics  (forest  products 
industries),  shift-share  analysis,  Canada,  Pacific  Northwest,  South. 

Highlights  •  The  Pacific  Northwest's  share  of  the  Nation's  employment  in  the  forest  products 

industry  declined  substantially  between  1970  and  1980.  Nevertheless,  this  in- 
dustry continued  to  be  a  major  source  of  export  dollars.  In  1980,  the  forest  prod- 
ucts industry  was  still  the  largest  basic  industry  in  Oregon  and  the  second 
largest  in  Washington.  In  most  of  the  region's  nonmetropolitan  areas,  the  forest 
products  industry  continued  to  be  the  mainstay  of  local  economies. 

•  In  1980,  average  annual  wage  and  salary  earnings  in  the  South's  forest  products 
industry  were  30  percent  less  than  those  in  the  Pacific  Northwest.  Furthermore, 
between  1970  and  1980  earnings  increased  more  in  the  Pacific  Northwest  than 
in  the  South. 

•  Despite  higher  costs  for  wages  and  transportation,  profits  before  taxes  per 
worker  hour  in  1977  were  considerably  higher  for  the  forest  products  industry  in 
the  Pacific  Northwest  ($11.57)  than  in  the  South  ($8.97).  After  the  collapse  of  the 
housing  market  in  the  late  I970's,  profits  plummeted.  The  decline  was  substan- 
tially greater  in  the  Pacific  Northwest  than  in  the  South.  In  1982,  profits  per 
worker  hour  in  the  South  ($8.80)  were  higher  than  in  the  Pacific  Northwest 
($7.43). 

•  Overall,  the  South  increased  its  share  of  the  Nation's  employment  in  the  forest 
products  industry  between  1970  and  1980.  The  mid-South,  however,  resembled 
the  Pacific  Northwest  in  trends  in  employment,  earnings,  value  added,  and 
profits. 

•  During  the  1970's,  the  loss  of  forest  products  employment  in  the  Pacific  North- 
west was  the  result  of  increased  lumber  imports  from  Canada,  as  well  as  com- 
petition from  southern  mills. 


Without  softwood  lumber  imports  from  Canada,  domestic  lumber  prices  would 
have  increased  more  than  they  did  during  the  1970's  and,  therefore,  would  have 
prompted  more  use  of  wood  substitutes.  So,  although  Canadian  lumber  imports 
cost  domestic  jobs  in  the  short  run,  they  could  result  in  higher  future  employ- 
ment in  the  region's  forest  products  industry. 

The  current  relative  importance  of  North  American  softwood-producing  areas  will 
not  persist.  Recent  forecasts  of  a  shortfall  in  the  production  of  lumber  in  Canada 
and  the  unanticipated  leveling  off  of  softwood  timber  inventories  in  the  South 
suggest  that  the  Pacific  Northwest  can  again  become  the  Nation's  dominant  sup- 
plier of  softwood  lumber  and  plywood.  A  shortfall  in  Canadian  production, 
however,  may  not  increase  employment  in  the  region's  forest  products  industry. 
Unless  the  region's  industry  can  reduce  costs,  higher  product  prices  and  more 
use  of  substitutes  may  ensue.  Consequently,  measures  designed  to  reduce  the 
cost  of  raw  material,  labor,  and  processing  will  enhance  the  forest  products  in- 
dustry's contribution  to  future  growth  and  development  of  the  region. 


1  Introduction 
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itroduction  in  colonial  times,  timber  was  harvested  in  the  Northeastern  States  for  export  as 

well  as  for  local  needs.  As  timber  supplies  were  depleted,  harvesting  proceeded 
westward  to  the  Lake  States.  By  the  turn  of  the  century  the  virgin  pine  stands  in 
the  Lake  States  were  gone,  so  the  forest  products  industry  moved  to  the  South  and 
West.  The  South's  old-growth  pine  was  depleted  by  the  mid-1920's,  leaving  the 
Pacific  Northwest  with  the  dominant  role  of  producing  timber  products  for  national 
and  international  markets. 

Little  timber  was  harvested  from  public  land  in  the  Pacific  Northwest  until  after 
1950;  private  supplies  were  adequate  to  meet  the  forest  products  industry's  needs. 
But  by  the  end  of  the  1960's  many  private  owners  had  liquidated  their  old  growth, 
and  the  industry  and  dependent  communities  began  to  rely  increasingly  on  timber 
from  public  land. 

Throughout  the  1960's,  the  Pacific  Northwest  continued  to  dominate  the  Nation's 
softwood  lumber  and  plywood  markets,  but  during  the  1970's  the  situation  began  to 
change— in  favor  of  the  South.  The  shift  to  the  South  was  driven  by  the  maturing 
of  second-growth  pine  stands.  The  southern  pine  plywood  industry,  which  did  not 
exist  in  1960,  highlighted  the  phenomenal  increase  in  the  capacity  for  manufactur- 
ing softwood.  By  1980  it  accounted  for  approximately  one-half  the  Nation's  soft- 
wood plywood  production  (Dickerhoof  and  others  1982). 

The  region's  lumber  industry  also  experienced  competition  from  southern  pro- 
ducers. In  1960,  for  example,  lumber  mills  in  the  Douglas-fir  region  shipped  nearly 
60  percent  of  their  output  to  destinations  east  of  the  Mississippi  River.  By  1980, 
eastern  markets  accounted  for  only  20  percent.  ^-J  In  addition,  the  South's  paper 
and  allied  products  manufacturing  capacity  also  was  expanded  and  modernized. 
These  shifts  were  accelerating  as  the  supply  of  privately  owned  old  growth  was 
diminishing  and  the  prices  for  public  timber  were  being  bid  up  in  the  Pacific 
Northwest. 

Since  the  recession  of  1981  and  1982,  for  the  first  time  since  World  War  II, 
recovery  of  the  region's  forest  products  industry  from  a  nationwide  recession  has 
advanced  more  rapidly  in  the  South.  Why?  Because  the  industry  in  Oregon  and 
Washington  was  undergoing  a  fundamental  change  that  had  little  to  do  with  short- 
term  fluctuations  in  the  Nation's  economy.  This  change  was  due  to  comparatively 
higher  prices  for  timber  in  the  Pacific  Northwest  and  to  more  competition  for 
lumber  and  plywood  markets  east  of  the  Mississippi  River  ^y 


^'  Unpublished  keynote  address  of  the  Western  Forest 
Economists  (WFE)  meeting.  May  1980,  by  C.W. 
Bingham,  Weyerhaeuser  Company,  Tacoma,  WA  98477. 

^'Railroad  rates  did  not  contribute  to  the  South's  growing 
advantage  (Cardellichio  1980).  In  fact,  between  1970  and 
1980,  real  railroad  rates  for  the  South  increased  while 
they  decreased  for  the  Pacific  Northwest. 


Heavy  dependency  on  the  forest  products  industry  has  stymied  the  economies  of 
Oregon  and  Washington.  State  and  local  leaders  throughout  the  region  are  search- 
ing for  ways  to  spark  economic  growth  and  development.  Although  various  pro- 
posals for  stimulating  the  forest  products  industry  have  surfaced  (for  example,  in- 
creasing exports  to  foreign  markets),  emphasis  has  focused  on  diversifying  the 
region's  economy. 

Diversification  will  be  a  slow  process.  Opportunities  for  attracting  new  industries 
are  limited  for  the  timber-dependent  communities  in  nonmetropolitan  areas.  These 
communities  will  rely  indefinitely  on  the  forest  products  industry  as  the  major 
source  of  jobs  and  income.  In  turn,  the  region's  forest  products  industry  will  rely 
heavily  on  public  forest  lands  for  raw  material  until  the  beginning  of  the  next  cen- 
tury when  the  supply  from  private  lands  is  expected  to  increase.  Therefore,  in  the 
immediate  future,  public  forest  management  policies  will  have  a  direct  bearing  on 
the  economic  vitality  of  the  region's  timber-dependent  communities. 

The  future  of  the  region's  forest  products  industry  cannot  be  adequately  assessed 
without  looking  back  to  see  where  it  and  that  of  the  South  have  been.  The  purpose 
of  this  study  is  to  examine  the  changing  role  and  performance  of  the  forest  prod- 
ucts industry  in  the  two  regions  during  the  1970's.  We  hope  the  historical  and  inter- 
regional perspective  in  this  report  will  help  State  and  local  leaders  identify  where 
forest  management  policies  can  be  modified  so  that  the  region's  timber-dependent 
communities  can  better  adjust  to  changing  economic  conditions. 

This  report  is  divided  into  two  major  sections.  The  first  describes  changes  in  the 
Pacific  Northwest's  forest  products  economy  between  1970  and  1980.  The  second 
section  compares  these  changes  with  changes  in  the  South.  | 

Estimates  of  employment  and  earnings  shown  in  this  report  were  derived  from  un- 
published U.S.  Department  of  Commerce  data.  All  reference  in  dollar  amounts  are 
in  constant  1977  dollars.  ^ 

This  report  is  a  companion  to  a  series  of  reports  for  each  of  the  13  Southern 
States.  jL 


Overview  of  the 

Region's  Economy 

The  Region's  Work 
Force 


The  Pacific  Northwest's  estimated  full-  and  part-time  work  force  in  1980  included 
an  estimated  3.0  million  employees  and  proprietors  (see  appendix  1,  table  1,  for 
sources  of  data  on  employment  and  earnings).  The  work  force  grew  more  rapidly 
between  1970  and  1980  than  did  the  Nation's  average  (31.8  percent  versus  22.3 
percent).  Furthermore,  total  earnings — wage  and  salary  payments  and  proprietorial 
income — also  grew  faster  than  the  national  average.  The  region's  earnings  increas- 
ed by  52.1  percent  compared  with  27.4  percent  for  the  Nation. 


As  can  be  seen  in  the  following  tabulation,  manufacturing,  services,  and  retail  trade 
were  the  region's  three  largest  employer  categories.  Agriculture  and  manufacturing 
were  more  important  in  Oregon  than  in  Washington,  but  services  and  Federal 
employment  were  more  important  in  Washington: 


Employers 


Major  industry  groups: 
Agriculture  (includes 

self-employed 

and  wage  and  salary 

workers) 
Mining 
Construction 
Manufacturing  (including  the 

forest  products  industry) 
Transportation, 

communication,  and 

public  utilities 
Wholesale  trade 
Retail  trade 
Finance,  insurance,  and  real 

estate 
Services 
Federal  civilian 
Federal  military 
State  and  local  government 
Nonfarm  proprietors 


Percent  of  total  employment,  1980 
Oregon      Washington      United  States 


6.16 

.16 

3.73 

17.22 


5.35 

.16 

4.76 

15.77 


4.39 

.97 

4.08 

19.15 


4.83 

4.70 

4.84 

5.41 

5.14 

4.97 

15.07 

14.42 

14.18 

4.82 

4.85 

4.95 

16.24 

17.24 

18.22 

2.36 

3.44 

2.81 

1.10 

3.49 

2.30 

13.93 

13.32 

12.56 

8.97 

7.36 

6.58 

All  industries 


100.00 


100.00 


100.00 


jmponents  of  the 
;gion's  Economic 
}se 


Along  with  total  employment  there  is  another  and  perhaps  more  important  way  to 
judge  an  industry's  contribution  to  a  region's  economy.  For  forest  resource- 
dependent  communities  to  grow  and  develop,  they  must  attract  new  dollars  from 
the  outside  world.  The  industries  that  bring  in  new  dollars  by  exporting  products 
and  services  beyond  local  boundaries  (that  is,  to  buyers  elsewhere  in  the  region 
and  in  other  States  and  nations)  constitute  an  area's  economic  base.  The  growth  of 
large  geographical  areas  is  less  dependent  on  exports  than  is  the  growth  of 
smaller,  more  localized  areas.  The  United  States,  for  example,  is  less  dependent  on 
exports  than  is  Eugene,  Oregon. 

Generally  speaking,  most  manufacturing  employment  is  classified  as  economic 
base  (or  "basic"),  whereas  service  or  "residentiary"  employment  (for  example, 
barber  shops,  realty  firms,  schools,  and  local  government)  is  primarily  geared  to 
producing  for  local  needs.  Some  portion  of  the  latter  is  also  basic.  For  example, 
Federal  military  spending  provides  national  defense  for  all  the  Nation's  citizens. 
Furthermore,  taxpayers  outside  the  Pacific  Northwest  help  support  this  activity. 
Consequently,  Federal  military  employment  qualifies  as  a  basic  industry. 

Residentiary  employment  is  supported  by  the  economic  base.  Money  flowing  in 
provides  income  for  wage  earners  and  entrepreneurs  to  spend  on  locally  purchas- 


ed  goods  and  services.  In  most  cases,  the  economic  growth  of  a  region  depends 
on  the  success  of  its  economic  base. 

We  used  excess  employment  and  excess  earnings  to  identify  the  industries  com- 
prising the  economic  base  of  the  Pacific  Northwest  (Bendavid  1974).  Because  of 
differences  in  average  wages  between  industries,  a  particular  industry  might  ac- 
count for  a  substantially  different  proportion  of  basic  employment  than  of  basic 
earnings. 

Determination  of  the  economic  base  proceeded  from  the  assumption  that  the  na- 
tional distribution  of  employment  and  earnings  among  industries  is  the  norm.  Any 
industry  with  employment  or  earnings  in  excess  of  this  norm  is  considered  to  be 
producing  for  export  markets  outside  the  region  (or  sub-State  district)  and  is  part  of 
the  Pacific  Northwest's  economic  base.  The  percentage  of  excess  employment  or 
earnings  serves  as  an  indicator  of  the  region's  dependency  on  a  particular  industry 
for  generating  new  dollars  from  outside  the  region.  (Tables  2  and  3,  appendix  1, 
show  how  the  industry-dependency  indicators  for  Oregon  and  Washington  were 
calculated.)  A  particular  industry  may  be  basic  at  the  local  level  but  not  at  the 
State  level,  as  is  indicated  in  the  discussion  of  timber-related  industries  in  Oregon 
and  Washington  and  their  sub-State  regions. 


Oregon's  Economic 
Sase  Industries 


In  1980,  10  industries  accounted  for  most  of  Oregon's  economic  base: 


Economic  base  for 
Oregon 


Forest  products  industry-?^ 
Self-em.ployed  (nonagricultural) 
Agriculture  (includes  self-employed 

and  wage  and  salary  workers) 
Retail  trade 
Instruments  and  related 

equipment 
Wholesale  trade 
Food  and  kindred  products 
Trucking  and  warehousing 
Hotel  and  other  lodging 
Mobile  homes 

Total 
All  other  basic  industries 


Employment 


Earnings 


1970 


1980 


1970 


1980 


(Percent  of  economic  base) 
47.6         38.3  52.1  44.7 

15.0  18.9  14.5  17.1 


All  basic  industries 


11.6 

14.0 

5.8 

3.8 

4.6 

8.1 

7.4 

7.9 

0 

6.7 

0 

6.2 

3.7 

3.8 

4.7 

3.1 

4.7 

2.8 

3.1 

1.3 

1.7 

1.7 

3.0 

3.3 

1.9 

1.4 

.5 

0 

.9 

1.1 

.9 

1.3 

91.7 

96.8 

92.0 

88.7 

8.3 

3.2 

8.0 

11.3 

100.0 

100.0 

100.0 

100.0 

^'  For  the  purposes  of  this  analysis,  the  forest  products 
industry  is  comprised  of  (1)  lumber  and  wood  products 
(SIC  24)  except  mobile  homes  manufacturing  (SIC  2451); 
(2)  wood  furniture  manufacturing  (SIC  2511,  2512,  2517, 
2521,  2541),  and  paper  and  allied  products  manufactur- 
ing (SIC  26).  Further  disaggregation  into  primary  and 
secondary  processing  was  not  feasible  because  of  non- 
disclosure of  data. 


i! 


The  contribution  of  these  industries  to  Oregon's  export  base  did  not  change  nnuch 
between  197C  and  1980.  The  ranking  of  individual  industries,  however,  is  notewor- 
thy. Agriculture,  for  example,  was  more  important  in  1980  than  in  1970  in  terms  of 
basic  employment,  but  less  important  in  terms  of  basic  earnings.  The  dispropor- 
tionate increase  in  employment  was  due  in  part  to  the  increasing  number  of  part- 
time  farmers. 

Tourism  is  not  a  standard  industrial  classification.  "Retail  trade"  and  "Hotel  and 
other  lodging"  industries,  however,  include  most  tourism  activity.  Between  1970  and 
1980,  tourism's  share  of  basic  employment  increased  whereas  its  share  of  basic 
earnings  remained  constant. 

The  forest  products  industry's  contribution  declined  between  1970  and  1980.  Never- 
theless, it  was  still  the  State's  most  important  industry.  Furthermore,  the  contribu- 
tion of  the  forest  products  industry  to  Oregon's  economic  base  in  1970  and  1980 
was  underestimated  because  many  of  the  individuals  engaged  in  logging  and  haul- 
ing were  classified  as  self-employed.  Also,  some  Federal  civilian  employment  and 
earnings  are  part  of  forest  management  activities. 

A  major  component  of  Oregon's  high  technology  industry  (that  is,  instruments  and 
related  equipment)  did  not  qualify  as  a  basic  industry  in  1970.  By  1980,  however,  it 
accounted  for  a  modest  portion  of  the  State's  economic  base.  Unlike  the  forest 
products  industry,  however,  this  industry  accounted  for  a  smaller  portion  of  basic 
earnings  than  it  did  of  basic  employment. 


Washington's  Economic 
Base  Industries 


During  the  1970's,  the  importance  of  Washington's  aerospace  industry  (included  in 
transportation  equipment,  excluding  motor  vehicles)  grew  in  terms  of  both  employ- 
ment and  earnings,  whereas  the  forest  products  industry  declined: 


Economic  base 
for  Washington 


Transportation  equipment, 
excluding  motor  vehicles 

Forest  products  industry 

Agriculture  (includes  self-employed 
and  wage  and  salary  workers) 

Federal  military 

Self-employed  (nonagricultural) 

Construction 

Federal  civilian 

Retail  trade 

Nonprofit  organizations 

Water  transportation 

Wholesale  trade 


Employment 


Earnings 


1970 


1980 


1970 


1980 


(Percent  of  economic  base) 


26.8 

32.0 

37.3 

40.2 

19.8 

16.2 

21.0 

18.5 

8.2 

11.0 

4.5 

6.9 

18.3 

9.9 

10.4 

4.0 

5.8 

6.6 

5.3 

7.1 

0 

5.8 

1.4 

10.4 

6.3 

5.3 

5.7 

4.0 

.1 

2.5 

3.5 

2.5 

2.3 

2.0 

.9 

1.8 

2.4 

1.8 

3.4 

2.5 

2.3 

1.6 

1.0 

0 

Total 


92.3 


94.7 


94.4 


97.9 


All  other  basic  industries 
All  basic  industries 


7.7 


5.3 


100.0        100.0 


5.6 


2.1 


100.0        100.0 


Nevertheless,  the  forest  products  industry  remained  the  second  largest  segment  of 
the  State's  economic  base.  As  in  Oregon,  the  contribution  of  the  forest  products 
industry  to  the  State's  economic  base  was  underestimated  because  some  self- 
employed  workers  were  engaged  in  logging  and  hauling  and  some  Federal 
employees  were  involved  in  forest  management  activities. 

Federal  military  and  civilian  employment  declined  in  importance  between  1970  and 
1980,  reflecting  the  end  of  the  Vietnam  war.  Construction  of  several  nuclear 
powerplants  stimulated  growth  of  the  construction  industry  during  the  late  1970's 
and  early  1980's.  Subsequent  mothballing  of  several  powerplants  led  to  large 
layoffs  in  the  construction  industry. 


Geographical 
Importance  of  the 
Region's  Forest 
Products  Industry 


The  contribution  of  the  forest  products  industry  to  the  local  economic  base  varies 
considerably  between  sub-State  districts  (see  appendix  2  for  a  listing  of  counties 
by  district).  Generally  speaking,  the  forest  products  industry  is  more  important  in 
western  Oregon  and  western  Washington  than  in  the  eastern  half  of  the  region.  In 
Oregon,  for  example,  the  forest  products  industry  accounts  for  almost  two-thirds  of 
the  Roseburg  area's  economic  base  (that  is,  the  industries  that  produce  goods  or 
services  for  export  to  areas  outside  the  sub-State  districts),  but  for  less  than  10 
percent  in  the  Burns  area.  Likewise,  the  forest  products  industry  is  much  more  im- 
portant in  southwestern  Washington  than  elsewhere  in  the  State.  The  Pacific 
Northwest's  dependency  on  the  forest  products  industry  decreased  in  most  sub- 
State  districts  between  1970  and  1980.  Despite  these  changes,  diversification  of 
the  economic  base  proceeded  slowly  in  the  nonmetropolitan  areas.  In  most  non- 
metropolitan  areas  in  western  Oregon  and  western  Washington,  the  forest  prod- 
ucts industry  will  likely  continue  to  remain  the  major  source  of  export  dollars  for 
the  foreseeable  future. 


BELLINGHAM       WENATCHEE 


LEGEND 


Dependency  index,  1980 
(based  on  employment) 


-no  dependency 
-less  than  10 
-10  to  20 
-21  to  35 
-  36  to  50 
-greater  than  50 


Dependency  -  change,1970-80 


a 
n 
o 


no  change 

increase 

decrease 


Number  designates  sub-State 
planning  and  development 
districts  (see  appendix  2). 


SEATTLE 
TACOMA 


ABERDEEN 


ROSEBURG 


SPOKANE 


YAKIMA 


PULLMAN 


PENDLETON 


VANCOUVER  ^^ 
PORTLAND 


SALEM 
CORVALLIS 


EUGENE-^ 


BAKER 


BURNS 


MEDFORD 


BEND 


urce:  Sub-State  estimates  for  1970  and  1980  were  de- 
ed from  unpublished  county  data  series  provided  by 
!;  U.S.  Department  of  Commerce,  Regional  Economic 
lormation  System,  Bureau  of  Economic  Analysis,  Wash- 
iton,  DC;  and  from  tfie  U.S.  Department  of  Commerce, 
ireau  of  thie  Census,  "County  Business  Patterns."  The 
mbers  in  the  squares  and  circles  used  to  designate 
ID-State  districts  correspond  to  the  geographical  classi- 
iition  of  counties  as  shown  in  appendix  2. 


Composition  of  the 
Region's  Forest 
Products  Industry 


In  1980,  lumber  and  wood  products  accounted  for  the  largest  share  of  the  workers 
employed  by  the  forest  products  industry  in  the  Pacific  Northwest.  It  also  had  the 
largest  share  of  earnings.  The  paper  and  allied  products  industry  accounted  for  a 
larger  proportion  of  total  employment  and  earnings  in  the  forest  products  industry 
in  Washington  than  in  Oregon.  In  both  States,  wood  furniture  manufacturing  was 
much  less  important  than  lumber  and  wood  products  or  paper  and  allied  products. 


Between  1970  and  1980,  total  employment  in  the  forest  products  industry  changed 
slightly.  In  1980,  the  Pacific  Northwest  accounted  for  9  percent  of  the  Nation's 
forest  products  industry  employment  and  1 1  percent  of  the  earnings  compared 
with  9  and  10  percent  in  1970. 

Growth  in  employment  in  lumber  and  wood  products  was  counterbalanced  by  the 
decline  in  employment  in  other  forest  products  industries.  The  growth  rate  of  earn- 
ings in  the  forest  products  industry  in  the  region  (32  percent)  exceeded  the 
average  for  all  U.S.  industries  (27  percent).  The  increase  in  earnings  in  the  paper 
and  allied  products  and  the  lumber  and  wood  products  overshadowed  the 
decrease  in  earnings  of  wood  furniture  manufacturing  employees. 


PNW 
1980  employment 

144,423  workers 


(-5) 


ITOi  (~23) 
3% 


WF 
PAP 
LWP 

1 
■ 

PNW 
1980  earnings 

$2.64  billion 

(-13) 


(+38) 


(+2) 


(+32) 


Numbers  in  parentheses  show  percentage  of  change 
from  1970  to  1980. 


Average  Annual  Wage 
and  Salary  Earnings 
per  Worker 


Average  annual  1980  earnings  per  worker  in  paper  and  allied  products  were 
significantly  greater  than  in  lumber  and  wood  products  or  in  wood  furniture.  This 
difference  is  mainly  the  result  of  higher  average  skills,  more  capital  investment  per 
worker,  and  more  union  membership  in  the  paper  and  allied  products  industry. 
Earnings  per  worker  in  wood  furniture  were  just  over  one-half  those  for  paper  and 
allied  products  and  significantly  below  the  average  for  all  forest  products  industries 
in  the  United  States  ($14,47). 


With  the  exception  of  wood  furniture  manufacturing,  the  average  income  of  all 
forest  products  industry  workers  in  the  Pacific  Northwest  exceeded  the  average  for 
the  Nation.  Furthermore,  between  1970  and  1980  earnings  in  the  lumber  and 
wood  products  and  the  paper  and  allied  products  segments  increased  at  a  much 
higher  rate  than  the  average  earnings  for  the  Nation's  forest  products  industry 
(19  percent). 
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\lumbers  in  bars  show  percentage  of  change  from  1970 
0  1980. 


Value  Added  by  the 
Forest  Products 
Industry^ 


Value  added  by  manufacturing  is  equal  to  the  value  of  shipments  less  the  cost  of 
materials,  parts,  supplies,  fuel,  goods  purchased  for  resale,  electric  energy,  and 
contract  work.  Unlike  value  of  shipments,  value  added  includes  only  the  economic 
contributions  of  the  forest  products  industry.  Consequently,  value  added  by 
manufacturing  is  a  better  monetary  gauge  of  the  relative  economic  importance  of  a 
particular  manufacturing  activity  than  are  shipments.  In  1982,  lumber  and  wood 
products  accounted  for  nearly  three-fourths  of  the  $1.5  billion  of  the  value  added 
by  Oregon's  forest  products  industry  and  for  half  of  Washington's  $1.4  billion  of 
value  added.  With  the  exception  of  wood  furniture  in  Washington,  value  added  by 
the  region's  forest  products  industry  declined  significantly  between  1977  and  1982. 
The  decline  in  value  added  came  after  it  reached  a  historic  high  in  1977.  In  1982, 
the  forest  products  economy  was  in  the  midst  of  the  Nation's  worst  recession 
since  World  War  II. 


"'The  Census  of  Manufactures  is  conducted  every  5 
years  (for  example,  1972,  1977,  and  1982);  consequently, 
data  for  value  added  were  not  available  for  1970  and 
1980.  Value  added  for  1982  reflect  a  greater  downturn  in 
the  forest  products  industry  than  do  the  1980  data  for 
employment  and  earnings. 


Value  added  by  Washington  FPI,  1982 
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Value  added  by  Oregon  FPI,  1982 


(-23) 


(-53) 


Numbers  in  parentheses  show  percentage  of  change 
from  1977  to  1982. 
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Profits  Before  Taxes 


Increases  in  profits  are  necessary  for  an  industry  to  remain  competitive  in  the 
marketplace.  Value  added  minus  payrolls  (VAMP)  is  a  measure  of  industry  profits 
before  taxes  per  worker  hour;  it  represents  the  return  to  capital  investment  and  en- 
trepreneurship  (see  appendix  1,  tables  4  and  5,  for  VAMP  measures  for  the  forest 
products  industry,  by  subregions). 


Paper  and  allied  products  is  more  capital  intensive  than  are  the  other  segments  of 
the  forest  products  industry.  Not  surprisingly,  therefore,  its  profits  per  worker  hour 
are  the  highest  in  the  industry.  During  the  mid-1970's,  this  segment  also  exhibited 
a  larger  gain  in  profits  than  either  lumber  and  wood  products  or  wood  furniture.  In 
1977,  profits  for  lumber  and  wood  products  were  much  higher  than  for  wood  fur- 
niture. During  the  recessions  of  the  early  1980's  lumber  and  wood  products  con- 
tinued to  experience  relatively  high  labor  and  operating  costs  while  demand  was 
drastically  curtailed.  Consequently,  by  1982  its  profits  dropped  below  those  for 
wood  furniture.  Profits  per  worker  hour  in  the  wood  furniture  segment  increased 
between  1977  and  1982. 


1977  ■ 
1982  □ 


State  or  region  and  industry 

lumbers  in  bars  show  percentage  of  change  from  the 
)revious  census  year. 
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Comparing  the 
Forest  Products 
industries  of  tiie 
Pacific  Northiwest 
and  the  South 

Importance  of  the 
Industry 


In  1980,  9  of  13  States  in  the  South  manufactured  forest  products  in  excess  of 
statewide  needs.  Florida,  Kentucky,  Oklahoma,  and  Texas  were  not  self-sufficient 
with  respect  to  forest  products;  that  is,  these  States  imported  more  forest  products 
than  they  exported.  Consequently,  on  net  balance,  their  respective  forest  products 
industries  were  not  part  of  their  economic  base. 

The  forest  products  industry  accounts  for  a  much  smaller  portion  of  the  economic 
base  of  the  South  than  that  of  the  Pacific  Northwest.  Arkansas  was  the  most 
timber  dependent  of  the  Southern  States.  Its  forest  products  industry  accounted 
for  16.6  percent  of  economic  base  employment,  or  approximately  one  of  six 
employees.  The  State  of  Washington  is  nearly  as  timber  dependent  as  Arkansas, 
but  in  Oregon  the  forest  products  industry  accounted  for  about  two  of  every  five 
basic  jobs.  Without  the  forest  products  industry,  economic  activity  in  many 
nonmetropolitan  communities  in  the  Pacific  Northwest  would  be  much  less. 

Unlike  Washington  or  Oregon,  several  Southern  States  were  more  timber  depen- 
dent in  1980  than  in  1970.  In  the  South,  however,  most  nonmetropolitan  areas  are 
more  diversified  than  their  counterparts  in  the  Pacific  Northwest.  Consequently, 
the  growing  importance  of  the  forest  products  industry  in  the  South  during  the 
1970's,  although  welcome,  was  not  as  noticeable  as  the  decreasing  importance  of 
the  forest  products  industry  in  the  Pacific  Northwest. 
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^  Comparison  of  The  forest  products  industry  includes  both  primary  and  secondary  processing. 

ndustry  Composition  Most  primary  manufacturing  activity  is  located  near  the  raw  material  sources  in 

rural  areas,  whereas  a  significant  portion  of  secondary  processing  is  near  markets 
for  forest  products  in  large  metropolitan  areas.  Examples  of  the  latter  kinds  of  pro- 
cessing include  the  fabrication  of  kitchen  cabinets,  structural  wood  members, 
paperboard  containers  and  boxes,  and  other  miscellaneous  paper  products. 

Together,  the  Pacific  Northwest  and  the  South  account  for  slightly  less  than  half 
the  employment  (47  percent)  and  earnings  (45  percent)  in  the  Nation's  forest  pro- 
ducts industry.  The  South  accounts  for  a  much  larger  share  of  employment  and 
earnings  (38  and  34  percent,  respectively),  of  the  Nation's  totals  than  the  Pacific 
Northwest  (9  and  1 1  percent). 

The  composition  of  the  South's  forest  products  industry  is  more  evenly  distributed 
between  the  three  segments  than  it  is  in  the  Pacific  Northwest  and  the  rest  of  the 
Nation  (see  illustration  on  page  14).  In  the  Pacific  Northwest,  for  instance,  lumber 
and  wood  products  accounts  for  three-fourths  of  the  industry's  earnings  and  for  a 
slightly  higher  percentage  of  its  employment.  Unlike  the  South,  in  the  Pacific  North- 
west wood  furniture  is  barely  represented. 
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1980  employment 

PNW  - 1 44,423  workers 
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1980  earnings 

PNW- $2.64  billion 
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Rest  of  Nation  —  869,381         Rest  of  Nation  —  $1 3.04  billion 
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Numbers  in  parentheses  show  percentage  of  change 
from  1970  to  1980.  Earnings  are  expressed  in  constant 
1977  dollars. 
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Growth  of  Employment 


Between  1970  and  1980,  employment  in  the  Nation's  forest  products  industry  in- 
creased by  4  percent.  Change  in  employment,  however,  varied  from  State  to 
State.  For  example,  employment  decreased  in  Oregon  but  increased  in  Washing- 
ton. On  balance,  therefore,  the  region's  employment  changed  little  between  1970 
and  1980.  With  the  exception  of  Arkansas  and  Louisiana,  employment  in  the  forest 
products  industry  in  each  of  the  Southern  States  grew  faster  than  the  U.S. 
average  of  4  percent.  Employment  in  the  forest  products  industry  in  Oklahoma  and 
Texas  grew  faster  than  the  national  average  of  22.3  percent  for  all  industries. 
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Average  Annual  Wage 
and  Salary  Earnings  per 
Worker 


Average  annual  earnings  per  worker  in  the  forest  products  industry  differed 
significantly  by  region  in  1980.  Earnings  are  generally  lower  throughout  the  South 
than  in  the  Pacific  Northwest.  In  fact,  in  1980  average  annual  earnings  in  all  three 
segments  of  the  South's  forest  products  industry  were  lower  than  in  the  Pacific 
Northwest.  With  the  exception  of  lumber  and  wood  products,  average  annual  earn- 
ings increased  faster  in  the  Pacific  Northwest  than  in  the  South. 
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The  shift  in  shares  of  employment  and  earnings  indicates  how  much  more  or  less 
employment  and  earnings  a  region's  forest  products  industry  would  have  had  in 
1980  had  it  grown  at  the  national  average  rate  between  1970  and  1980.  ^J   For  ex- 
ample, the  Pacific  Northwest  had  approximately  11,000  fewer  employees  in  1980 
than  it  would  have  had  if  its  forest  products  industry  had  grown  at  the  national  rate 
(see  illustration  on  page  18).  Conversely,  the  South  had  35,000  more  employees 
than  it  would  have  had  if  its  forest  products  industry  had  grown  at  the  national  rate. 

Between  1970  and  1980,  shares  of  earnings  in  the  forest  products  industry  in- 
creased in  both  the  South  and  the  Pacific  Northwest.  Meanwhile,  the  rest  of  the 
Nation  had  a  smaller  share  of  both  earnings  and  employment. 

Increased  shares  of  employment  and  earnings  reflect  the  comparative  advantage 
of  the  forest  products  industry  in  the  South  over  that  in  the  Pacific  Northwest. 
Several  factors  (for  example,  lower  labor  costs,  lower  raw  material  costs,  and 
closer  markets)  might  account  for  a  region's  comparative  advantage,  although 
adverse  trends  in  one  factor  need  not  reduce  a  region's  advantage.  In  the  South, 
for  instance,  increasing  labor  costs  need  not  adversely  affect  its  comparative  ad- 
vantage if  costs  are  increasing  faster  elsewhere,  or  if  either  increased  capital  or 
labor  productivity  offsets  higher  labor  costs. 


^'The  regional  shift  in  share  of  employment 
emp'j        EMP'j 


for  industry  i  = 


where, 


empj  EMPj 


empi; 


EMPj  =  employment  in  industry  i  in  Nation  at  begin- 
ning of  period; 

EMP'j  =  employment  in  industry  i  in  Nation  at  end  of 
period; 

empj  =  employment  in  industry  i  in  region  at  begin- 
ning of  period; 

emp'j  =  employment  in  industry  i  in  region  at  end  of 
period. 

Note:  The  components  of  the  shift  in  share  of  earnings 
were  derived  in  a  similar  fashion. 
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he  Diversity  of  the 
outh's  Timber-Based 
conomy 


The  various  segments  of  the  forest  products  industry  are  not  uniformly  distributed 
throughout  the  South.  The  wood  furniture  segment,  for  example,  is  centered  in  the 
South  Atlantic  area,  and  the  southern  pine  plywood  industry  is  centered  in  the 
mid-South.  Paper  and  allied  products  dominates  the  forest  products  industry  in  the 
East  South  Central  States.  Because  of  the  proximity  to  several  large  and  rapidly 
growing  metropolitan  areas,  secondary  processing  is  a  larger  segment  of  the  forest 
products  industry  in  the  West  South  Central  area  than  elsewhere  in  the  South. 


The  southern  pine  plywood  industry  started  in  the  mid-South  and  eastern  Texas. 
The  first  investors  were  attracted  here,  in  part,  because  of  the  availability  of  large 
tracts  of  mature  timber  that  could  be  held  in  fee  ownership  (Cleaves  and 
O'Laughlin  1985). 

Wood  furniture  manufacturing  is  concentrated  in  North  Carolina,  whereas  paper 
and  allied  products  and  lumber  production  can  be  found  throughout  the  South.  In 
1982,  paper  and  allied  products  accounted  for  70  percent  of  the  value  added  by  the 
forest  products  industry  in  the  East  South  Central  area.  Elsewhere  in  the  South  it 
accounted  for  slightly  more  than  half  of  the  value  added. 

Plywood  and  lumber  mills  compete  for  large  size  timber.  In  fact,  the  development 
of  the  southern  plywood  industry  during  the  last  two  decades  caused  many  of  the 
South's  more  labor  intensive  sawmills  to  close. 

High  energy  and  labor  costs  in  the  Northern  States  prompted  industrial  growth  and 
development  in  the  Sunbelt.  This  led  to  significant  growth  in  lumber  markets  in 
Southern  States-such  as  Florida,  Georgia,  and  Texas— that  have  large 
metropolitan  areas. 
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The  Resemblance  of  the 
Pacific  Northwest  to  the 
Mid-South 


Most  of  the  Southern  States  increased  their  share  of  the  Nation's  forest  products 
employment  between  1970  and  1980.  The  exception  was  in  the  mid-South,  where 
the  trend  in  employment  resembled  that  in  the  Pacific  Northwest.  Actually,  the 
share  of  employment  in  the  mid-South  began  to  drop  at  the  beginning  of  the 
decade,  whereas  the  share  of  the  employment  in  the  Pacific  Northwest  continued 
to  increase  until  1975. 

During  this  period,  both  the  mid-South  and  the  Pacific  Northwest  increased  their 
shares  of  FPI  earnings,  but  not  as  much  as  the  rest  of  the  South. 


Shift  in  employment,  1970  to  1980 
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Shift  in  Shares  of 
Employment  and 
Earnings,  by  Industry 
Segment 


In  the  Pacific  Northwest,  most  of  the  change  in  shares  of  employment  was  confin- 
ed to  the  lumber  and  wood  products  segment  (including  plywood  and  sawmills). 
Elsewhere  in  the  Nation,  paper  and  allied  products  accounted  for  most  of  the 
change.  Paper  and  allied  products  also  accounted  for  the  major  shift  in  shares  of 
earnings  in  the  forest  products  industry.  Both  the  South  and  the  Pacific  Northwest 
increased  their  respective  shares  at  the  expense  of  the  rest  of  the  Nation  (RON). 


The  disaggregated  trends,  like  those  for  the  entire  forest  products  industry,  reveal 
similarities  between  the  Pacific  Northwest  and  the  mid-South.  Between  1970  and 
1980,  both  regions  experienced  a  decline  in  their  share  of  employment  in  the 
lumber  and  wood  products  and  paper  and  allied  products  segments.  Furthermore, 
both  areas  lost  shares  of  lumber  and  wood  products  earnings  while  gaining  shares 
of  paper  and  allied  products  earnings. 

The  rest  of  the  Nation  accounted  for  most  of  the  increase  in  shares  of  employment 
in  the  lumber  and  wood  products  segment.  Most  of  this  gain  was  associated  with 
secondary  softwood  lumber  processing  (such  as  millwork  and  structural  wood 
members)  near  large  metropolitan  areas.  The  RON's  overall  decline  in  shares  of 
employment  in  the  forest  products  industry  resulted  from  substantial  shifts  in  the 
paper  and  allied  products  and  wood  furniture  segments. 

Overall,  the  Southern  States  had  a  smaller  share  of  lumber  and  wood  products 
employment  in  1980  than  in  1970.  The  West  South  Central  area,  however,  increas- 
ed its  share.  The  growth  of  secondary  processing  of  lumber  and  wood  products 
near  several  large  and  rapidly  growing  metropolitan  areas  in  Texas  and  Oklahoma 
accounted  for  the  difference. 
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Shift  in  employment,  1970  to  1980 
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hanges  in  Value 
dded  by  the  Forest 
roducts  Industry 


Between  1972  and  1977,  the  increase  in  value  added  was  fairly  uniform  in  the 
Pacific  Northwest  and  the  South.  The  exception  was  the  West  South  Central  area. 
The  decline  after  1977,  however,  was  much  more  substantial  in  the  mid-South  and 
the  Pacific  Northwest  than  elsewhere  in  the  South. 


In  both  the  Pacific  Northwest  and  the  South,  lumber  and  wood  products  accounted 
for  most  of  the  decrease  in  value  added  between  1977  and  1982.  This  decline 
reflected  the  sharp  drop  in  the  Nation's  homebuilding  activity.  During  this  interval, 
demand  for  paper  products  held  steady,  and  value  added  by  the  South's  paper 
and  allied  products  increased.  Meanwhile,  however,  value  added  by  paper  and 
allied  products  in  the  PNW  declined. 
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Numbers  in  bars  indicate  the  change  in  value  added 
from  the  previous  census  year. 


23 


Profits  Decrease  After 
the  Collapse  of  the 
Housing  Market 


In  1977,  profits  before  taxes  were  higher  in  the  Pacific  Northwest  than  throughout 
the  South.  Between  1972  and  1977,  however,  profits  increased  faster  in  the  South 
than  in  the  Pacific  Northwest. 


Because  of  the  collapse  of  the  housing  market  in  the  late  1970's  and  early  1980's, 
profits  decreased  in  the  Pacific  Northwest  and  in  most  of  the  South  between  1977 
and  1982.  The  exception  was  the  East  South  Central  area  where  the  increase  in 
profits  in  the  paper  and  allied  products  and  wood  furniture  segments  counter- 
balanced the  decline  in  lumber  and  wood  products. 

Although  the  decline  in  profits  in  the  forest  products  industry  of  the  mid-South  was 
not  as  substantial  as  in  the  Pacific  Northwest,  the  decline— particularly  for  the 
lumber  and  wood  products  segment — was  more  than  for  most  other  areas  of  the 
South. 
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mpetition  in  the 
uth 


The  South's  increasing  share  of  employment  of  the  Nation's  forest  products  in- 
dustry did  not  result  from  the  Pacific  Northwest's  declining  share  of  employment  in 
lumber  and  wood  products  but  rather  from  shifts  in  the  paper  and  allied  products 
and  the  wood  furniture  segments.  Between  1970  and  1980,  these  shifts  had  little 
bearing  on  what  was  happening  in  the  Pacific  Northwest  because  paper  and  allied 
products  and  wood  furniture  manufacturing  were  not  very  important  compared  with 
the  region's  production  of  lumber  and  wood  products.  Except  for  the  decreasing 
shares  in  the  Pacific  Northwest  and  the  mid-South,  shifts  in  softwood  lumber  and 
wood  products  were  mainly  the  result  of  secondary  processing  located  near  large 
and  growing  metropolitan  areas. 

The  South's  changing  share  of  lumber  and  wood  products  employment  reflects 
competition  between  sawmills  and  plywood  mills  for  high  quality  sawtimber.  Price 
data  suggest  that  this  competition  was  most  intense  in  the  mid-South  and  in 
eastern  Texas  where  the  southern  plywood  industry  had  its  beginning.  For  exam- 
ple, during  the  1977-79  upswing  in  the  Nation's  economy,  the  change  and  level  of 
delivered  prices  for  southern  pine  sawtimber  were  generally  higher  in  the  mid- 
South  and  in  eastern  Texas  than  elsewhere  in  the  South. 


Index  of  average  delivered  price  of 
southern  pine  sawtimber,  1977-79 
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Source:  Data  Resources,  inc.  (1984). 

Competition  caused  many  of  the  older,  less  efficient  sawmills  to  close  between 
1970  and  1980.  The  mid-South,  where  price  competition  was  most  intense,  had  a 
higher  rate  of  closures  between  1970  and  1980  (U.S.  Bureau  of  the  Census  1971, 
1981)  than  the  rest  of  the  South. 

Technological  change  also  helps  account  for  the  decline  in  employment  in  lumber 
and  wood  products.  Plywood  mills  constructed  in  the  South  were  state-of-the-art 
and  required  less  labor  than  those  that  closed  in  the  Pacific  Northwest. 
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Most  of  the  southern  plywood  mills  constructed  after  1970  were  located  outside 
the  mid-South  and  eastern  Texas.  By  the  end  of  the  decade,  no  more  southern 
pine  plywood  mills  were  being  planned.  Some  plywood  mills  had  closed  and  others 
had  merged,  signaling  a  shakeout^   of  the  industry  (Cleaves  and  O'Laughlin 
1985).  The  southern  pine  plywood  production  capacity  may  have  peaked  as  the 
result  of  the  scarcity  of  sawtimber  and  the  substitution  of  manufactured  board  pro- 
cessed from  smaller  softwood  logs  or  from  hardwoods  (Rush  1984). 

The  Importance  of  the         Technological  advances  in  the  plywood  industry  and  the  shakeout  of  the  southern 
Canadian  Connection  plywood  industry  help  explain  the  declining  shares  of  lumber  and  wood  products 

employment  in  the  Pacific  Northwest  and  the  mid-South.  A  complete  explanation, 

however,  involves  lumber  imports  from  Canada. 

Canada  competes  with  the  South  and  the  Pacific  Northwest  for  domestic  lumber 
markets.  In  1980,  about  77  percent  of  lumber  exports  from  Canada  are  destined 
for  the  United  States  (Statistics  Canada  1981a,  1981b).  Although  Canadian  pro- 
ducers have  a  tendency  to  move  in  and  out  of  U.S.  markets,  the  long-term  trend 
has  been  upward.  For  example,  in  1970,  Canadians  furnished  12  percent  of  the 
lumber  used  in  the  United  States,  but  by  1979  their  share  had  increased  to  28 
percent.^ 

The  consumption  of  softwood  lumber  in  the  United  States  increased  substantially 
during  the  1970's.  In  1980,  consumption  was  10  percent  higher  than  in  1970  but 
down  from  the  peak  of  1978-79.  Although  the  South  and  the  North  increased  pro- 
duction of  softwood  lumber,  this  increase  was  barely  equal  to  the  decrease  in  pro- 
duction in  the  West.  Meanwhile,  as  the  result  of  an  increasingly  favorable  exchange 
rate  for  U.S.  dollars,  the  Canadians  provided  most  of  the  increase  in  apparent 
U.S.  consumption  of  softwood  lumber  (that  is,  total  domestic  production  plus  im- 
ports, minus  exports).  During  this  period  employment  in  the  lumber  and  wood  pro- 
ducts industry  increased.  In  British  Columbia,  for  example,  total  employment  in  the 
logging  and  sawmill  segments  increased  by  nearly  15,000  workers  between  1970 
and  1980  (Statistics  Canada  1972,  1982). 


^'  Shakeout  is  one  of  five  fundamental  stages  of  product- 
market  development  evolution:  development,  growth, 
shakeout,  maturity-saturation,  and  decline  (Hofer  and 
Schendei  1978). 

^'  Unpublished  keynote  address  of  the  Western  Forest 
Economists  (WFE)  meeting,  May  1980,  by  C.W. 
Bingham,  Weyerhaeuser  Company,  Tacoma,  WA  98477. 
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Change  in  U.S.  softwood  lumber  production,  imports,  exports,  and 
apparent  consumption  between  1970  and  1980 
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Domestic  lumber  prices  increased  substantially  during  the  1970's,  but  the  increase 
would  have  been  greater  without  the  availability  of  low-cost  Canadian  lumber.  Fur- 
thermore, as  McKillop  and  others  (1981)  pointed  out,  "Rising  timber  prices  lead  to 
the  displacement  of  lumber  and  wood  products  by  substitute  materials  such  as 
concrete  and  steel.  .  .  ."  Any  displacement,  of  course,  would  result  in  fewer  jobs 
in  the  region's  forest  products  industry  now  and  in  the  future. 

The  future  of  the  forest  products  industry  in  Canada  is  not  encouraging.  Reports 
reveal  that  the  liquidation  of  forest  resources— pulpwood  as  well  as  sawtimber 
inventories— is  progressing  at  a  rapid  pace  (O'Hara  1985).  The  production  of  paper 
products  as  well  as  lumber  and  wood  products  could  be  drastically  curtailed  in  the 
near  future.  Pulpwood  stands  are  being  harvested  faster  than  they  are  being 
regenerated  in  eastern  Canada.  Fires  and  insect  attacks  have  also  reduced  the 
pulpwood  resource. 

Short  of  extraordinary  measures  to  regenerate  a  large  backlog  of  cutover  areas 
and  to  improve  utilization,  British  Columbia's  sustainable  rate  of  timber  harvesting 
may  be  reduced  to  approximately  50  percent  of  the  1974  annual  rate  of  harvest-^ 
(that  is,  from  roughly  100  million  cubic  meters  to  50  million  cubic  meters).  Because 
70  percent  of  British  Columbia's  lumber  production  is  exported— 80  percent  to  the 
United  States  (Statistics  Canada  1981a)— a  fall  down  of  such  proportions  would 
undoubtedly  have  international  repercussions. 

Anticipating  Future  As  in  the  past,  the  employment  requirements  of  the  forest  products  industry  in  the 

Employment  Pacific  Northwest  will  continue  to  be  influenced  by  interregional  and  international 

competition.  Were  it  not  for  lumber  imports  from  Canada,  1980  employment  in  the 
forest  products  industry,  in  the  South  as  well  as  in  the  Pacific  Northwest,  un- 
doubtedly would  have  been  larger.  Goldy  (1985)  asserts  that  future  employment  in 
the  Pacific  Northwest  could  increase  if  Canadian  lumber  production  decreases. 

Presumably,  employment  in  both  the  Pacific  Northwest  and  the  South  will  increase 
if  Canadian  lumber  production  decreases,  but  the  latest  projections  suggest  that 
the  South  has  more  to  gain  in  the  long  run  than  has  the  Pacific  Northwest.  Annual 
harvests  of  softwoods  in  the  South  were  projected  to  increase  50  percent  between 
1976  and  2000  (USDA  Forest  Service  1982).  Meanwhile,  the  annual  harvest  in  the 
Pacific  Northwest  Is  expected  to  decline  by  3  percent.-^ 


^'Reshaping  forest  policy  in  British  Columbia;  unpub- 
lished paper  prepared  for  the  Vancouver  Institute,  Satur- 
day Evening  Lecture  Series,  Feb.  16,  1985,  by  F.L.C. 
Reed,  University  of  British  Columbia,  Vancouver,  BC, 
Canada  v/6t  1W5. 

^'The  fall  down  will  be  most  noticeable  in  western 
Oregon.  Beuter  and  others  (1976)  describe  how  a  fall 
down  in  this  area  could  be  avoided. 
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Projections  for  the  South,  however,  may  be  too  optimistic  and  may  be  revised 
when  the  study,  "The  South's  Fourth  Forest:  Alternatives  for  the  Future,"  is  com- 
pleted (Peterson  1985).  The  study  was  undertaken  because  of  unforeseen 
developments  in  the  timber  supply  and  demand  situation  in  the  South.  Preliminary 
findings  disclosed  that  softwood  "timber  removals,  for  the  first  time  in  decades, 
are  beginning  to  rise  above  net  annual  growth"  and  that  "the  rapid  rise  in  the 
softwood  inventories,  the  base  for  the  expansion  of  the  forest  industries,  can  no 
longer  be  sustained"  (Peterson  1985). 

Crowell's  (1985)  assertion  that  "We  can  safely  assume  that  the  Pacific  Northwest 
will  continue  to  be  the  premier  timber-producing  region  of  the  United  States"  has 
merit.  The  Pacific  Northwest  began  the  1980's  with  approximately  2.1  times  as 
much  sawtimber  as  all  13  States  of  the  South  combined.  Unlike  Canada  and  the 
South,  most  of  the  Pacific  Northwest  forest  ownerships  are  dedicated  to  forest 
management.  Regeneration  of  softwood  cutover  lands  continues  to  be  a  challenge, 
but  the  region's  problem  areas  do  not  compare  with  those  in  Canada  and  the 
South. 

An  increase  in  employment  in  the  United  States  resulting  from  a  reduction  in 
lumber  imports  may  not  match  the  decline  in  employment  in  Canada.  For  instance, 
should  the  cost  of  lumber  increase  as  timber  supplies  decline,  more  wood 
substitutes  will  be  preferred.  Furthermore,  for  lumber  to  remain  competitive  with 
wood  substitutes,  domestic  logging  and  lumber  processing  facilities  will  probably 
have  to  be  less  labor  intensive  than  they  now  are. 

Slow  recovery  of  the  Nation's  homebuilding  activity  and  competition  from  Canada 
and  the  South  continue  to  plague  the  forest  products  industry  in  the  Northwest. 
The  long-term  prospects  for  increasing  demand  for  the  region's  forest  products, 
however,  are  encouraging.  But  this  does  not  mean  that  public  and  private 
policymakers  should  wait  to  see  if  softwood  timber  supplies  decline  in  the  South 
and  Canada  or  that  they  should  wait  for  the  region's  second-growth  timber  to 
mature.  Anticipation  of  an  increase  in  the  future  demand  for  the  region's  solid  soft- 
wood timber  products  should  be  matched  with  accelerated  efforts  to  improve  the 
efficiency  of  logging  and  processing  methods  and  the  productivity  of  the  timber 
resources.  Such  a  matchup  will  help  to  assure  that  the  forest  products  industry  will 
increase  its  contribution  to  the  region's  economic  growth  and  development. 
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Appendix  1 
Tables 


Table  1— Total  labor  and  proprietorial  employment  and  earnings,  by  industry, 
Oregon  and  Washington,  1980 


State  and 
industry 
by  nunnber 


Employees 


Total 
earnings 


Number 


Million 

1977 

dollars^ 


OREGON: 

Wage  and  Salary— 

1   Agriculture 

26,519 

334,663 

2  Agricultural  services, 

forestry,  and  fisheries 

9,947 

121,339 

3  Coal  mining 

38 

923 

4  Oil  and  gas  extraction 

31 

684 

5  Metal  mining 

270 

4,257 

6  Nonmetallic  minerals 

1,623 

26,904 

7  Construction 

46,598 

1,000,254 

8  Food  and  kindred  products 

24,384 

316,866 

9  Tobacco 

0 

0 

10  Textile  mill  production 

2,034 

21,448 

1 1   Apparel  and  other  textiles 

3,193 

29.940 

12  Paper  and  allied  products 

10,356 

221,345 

13  Printing  and  publishing 

10,039 

132,672 

14  Chemical  and  allied  products 

2,265 

39,233 

15  Petroleum  refining 

624 

12,724 

16  Rubber  and  miscellaneous  plastics 

2,440 

33,446 

17  Leather  and  leather  products 

268 

3,285 

18  Lumber  and  wood  products, 

except  mobile  homes 

67,269 

1,177,773 

19  Mobile  homes 

2,300 

40,269 

20  Wood  furniture 

1,725 

21 ,095 

21    Other  furniture  and  fixtures 

852 

10,419 

22  Stone,  clay,  and  glass  products 

4,441 

82,980 

23  Primary  metals 

10,944 

245,341 

24  Fabricated  metals 

12,638 

205,635 

25  Machinery,  excluding  electrical 

17,795 

314,369 

26  Electrical  machinery 

9,759 

142,123 

27  Transportation  equipment  except 

motor  vehicles 

6,160 

124,145   ^ 

28  Motor  vehicles 

4,146 

91,117 

29  Ordnance 

2J 

11 

30  Instruments  and  related 

equipment 

19,102 

290,674   < 

31    Miscellaneous  manufacturing 

2,160 

29,282    ' 

32  Railroad  transportation 

7,313 

140,127 

See  footnotes  at  end  of  table. 


32 


Table  1— Total  labor  and  proprietorial  employment  and  earnings,  by  industry, 
Oregon  and  Washington,  1980  (continued) 


State  and 
industry 
by  number 


Employees 


Total 
earnings 


Number 


Million 

1977 

dollars  ^ 


OREGON 

Wage 

and  Salary- 

33 

Trucking  and  warehousing 

17,583 

346,974 

34 

Local  transit 

3,113 

30,446 

35 

Air  transportation 

2,120 

36,089 

36 

Pipeline  transportation 

19 

414 

37 

Transportation  services 

2,550 

40,943 

38 

Water  transportation 

2,559 

57,021 

39 

Communications 

16,263 

303,983 

40 

Electrical,  gas,  and 

sanitation  services 

8,794 

192,004 

41 

Wholesale  trade 

67,468 

1,097,783 

42 

Retail  trade 

188,158 

1,632,262 

43 

Banking 

17,349 

191,974 

44 

Other  credit  agencies 

10,015 

151,371 

45 

Insurance 

19,229 

298,337 

46 

Real  estate  and  combinations 

13,616 

256,937 

47 

Hotel  and  other  lodging 

15,030 

95,659 

48 

Personal,  miscellaneous 

business,  and  repair  services 

37,795 

452,996 

49 

Auto  repair  service 

6,857 

110,014 

50 

Amusement 

7,217 

48,708 

51 

Motion  pictures 

1,936 

9,615 

52 

Private  households 

13,511 

33,201 

53 

Medical  and  other  health 

62,059 

875,484 

54 

Private  education 

9,496 

77,918 

55 

Nonprofit  organizations 

32,087 

143,045 

56 

Miscellaneous  services 

16,670 

504,726 

57 

Federal  civilian 

29,497 

462,337 

58 

Federal  military 

13,737 

50,000 

59 

State  and  local  government 

173,875 

1,787,921 

Proprietorial — 

60  Farm  proprietors 

61  Nonfarm  proprietors 


40,449 
111,912 


151,115 
1,423,360 


Total 


See  footnotes  at  end  of  table. 


1,248,197 


16,077,972 
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Table  1— Total  labor  and  proprietorial  employment  and  earnings,  by  industr 
Oregon  and  Washington,  1980  (continued) 


State  and 
industry 
by  number 


Employees 


Total 
earnings 


Number 


Million 

1977 

dollars-^ 


WASHINGTON: 

Wage  and  salary — 


1    Agriculture 

44,749 

2  Agricultural  services, 

forestry,  and  fisheries 

16,036 

3  Coal  mining 

558 

4  Oil  and  gas  extraction 

61 

5  Metal  mining 

853 

6  Nonmetallic  minerals 

1,579 

7  Construction 

92,826 

8  Food  and  kindred  products 

31,038 

9  Tobacco 

0 

10  Textile  mill  production 

1,051 

1 1    Apparel  and  other  textiles 

6,477 

12  Paper  and  allied  products 

17,507 

13  Printing  and  publishing 

15,817 

14  Chemical  and  allied  products 

8,711 

15  Petroleum  refining 

2,046 

16  Rubber  and  miscellaneous  plastics 

3,460 

17  Leather  and  leather  products 

365 

18  Lumber  and  wood  products,  except 

mobile  homes 

45,564 

19  Mobile  homes 

929 

20  Wood  furniture 

2,002 

21    Other  furniture  and  fixtures 

1,304 

22  Stone,  clay  and  glass  products 

6,829 

23  Primary  metals 

16,678 

24  Fabricated  metals 

1 1 ,840 

25  Machinery,  excluding  electrical 

14,958 

26  Electrical  machinery 

11,514 

27  Transportation  equipment  except 

motor  vehicles 

96,080 

28  Motor  vehicles 

2,330 

29  Ordnance 

2/ 

30  Instruments  and  related  equipment 

6,346 

31    Miscellaneous  manufacturing 

4,654 

32  Railroad  transportation 

10,552 

33  Trucking  and  warehousing 

20,801 

34  Local  transit 

3,248 

35  Air  transportation 

9,488 

36  Pipeline  transportation 

86 

37  Transportation  services 

5,611 

38  Water  transportation 

8,026 

39  Communications 

26,588 

See  footnotes  at  end  of  table. 
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Table  1— Total  labor  and  proprietorial  employment  and  earnings,  by  industry, 
Oregon  and  Washington,  1980  (continued) 


State  and 
industry 
by  nunnber 


Employees 


Total 
earnings 


Number 


Million 

1977 

dollars  ^' 


WASHINGTON; 

Wage 

;  and  salary — 

40 

Electrical,  gas,  and  sanitation 

services 

7,298 

149,935 

41 

Wholesale  trade 

100,201 

1,687,026 

42 

Retail  trade 

281,163 

2,506,777 

43 

Banking 

28,379 

353,018 

44 

Other  credit  agencies 

14,058 

235,904 

45 

Insurance 

29,551 

483,558 

46 

Real  estate  and  combinations 

22,659 

335,027 

47 

Hotel  and  other  lodging 

18,066 

129,303 

48 

Personal,  miscellaneous 

business,  and  repair  services 

74,344 

1,035,649 

49 

Auto  repair  service 

1 1 ,269 

174,083 

50 

Amusement 

14,308 

102,284 

51 

Motion  pictures 

3,126 

18,991 

52 

Private  households 

22,331 

55,746 

53 

Medical  and  other  health 

95,426 

1,326,237 

54 

Private  education 

13,015 

113,156 

55 

Nonprofit  organizations 

54,939 

320,600 

56 

Miscellaneous  services 

29,458 

836,556 

57 

Federal  civilian 

67,140 

1,059,114 

58 

Federal  military 

68,094 

530,597 

59 

State  and  local  government 

259,721 

3,000,665 

Proprietorial- 


60  Farm  proprietors 

61  Nonfarm  proprietors 


43,529 
143,511 


349,652 
1,948,132 


Total 


1,950,148 


27,006,862 


''The  personal  consumption  expenditures  (PCE)  deflator.  1977  =   100,  was  used  to  deflate  actual 
dollars. 

^'Included  with  fabricated  metals 

Source:  unpublished  data,  U.S.  Department  of  Commerce,  Regional  Economics  Measurements  Divi- 
sion, Regional  Economic  Information  System  (REIS),  Washington,  DC,  1982    Unpublished  data  used 
by  the  US.  Department  of  Commerce  in  preparing  their  County  Business  Patterns  (CBP)  series  on 
employment  and  payroll  were  used  to  differentiate  wood-related  from  nonwood-related  employment  and 
earnings   For  example,  CBP  data  were  used  to  separate  mobile  homes  (19)  from  the  lumber  and  wood 
products  industry  (18)  and  wood  furniture  (20)  from  other  furniture  and  fixtures  (21). 
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Table  2— Calculation  of  dependency  Indexes  for  Oregon,  1980 


Employment 


Oregon 
excess 


Industry 


United         excess         Dependency 
Oregon     States    employment^/       index^ 


Percent 

Agriculture 

2.50 

1.46 

1.04 

6.80 

Agricultural  services, 

forestry,  and  fisheries 

.94 

.62 

.32 

2.09 

Farm  proprietors 

3.81 

3.03 

.78 

5.12 

Coal  mining 

0 

.27 

- 

- 

Oil  and  gas  extraction 

0 

.60 

~ 

-- 

Metal  mining 

.03 

.11 

- 

- 

Nonmetallic  minerals 

.15 

.14 

.02 

.11 

Construction 

4.39 

4.74 

~ 

-- 

Food  and  kindred  products 

2.30 

1.87 

.43 

2.81 

Textile  mill  production 

.19 

.93 

~ 

-- 

Tobacco 

0 

.07 

- 

-- 

Apparel  and  other  textiles 

.30 

1.39 

— 

-- 

Paper  and  allied  products 

.98 

.76 

.22 

1.44 

Printing  and  publishing 

.95 

1.37 

~ 

- 

Chemical  and  allied  products 

.21 

1.22 

- 

-- 

Petroleum  refining 

.06 

.22 

~ 

-- 

Rubber  and  miscellaneous  plastics 

.23 

.80 

- 

-- 

Leather  and  leather  products 

.03 

.26 

~ 

- 

Lumber  and  wood  products, 

except  mobile  homes 

6.34 

.71 

5.63 

36.86 

Mobile  homes 

.22 

.05 

.17 

1.09 

Wood  furniture 

.16 

.32 

— 

- 

Other  furniture  and  fixtures 

.08 

.19 

— 

- 

Stone,  clay,  and  glass  products 

.42 

.73 

- 

- 

Primary  metals 

1.03 

1.26 

- 

- 

Fabricated  metals 

1.19 

1.77 

— 

- 

Machinery,  excluding  electrical 

1.68 

2.73 

- 

-- 

Electrical  machinery 

.92 

2.31 

~ 

- 

Transportation  equipment,  except 

motor  vehicles 

.58 

1.21 

~ 

- 

Motor  vehicles 

.39 

.87 

~ 

-- 

Instruments  and  related 

equipment 

1.80 

.77 

1.03 

6.72 

Miscellaneous  manufacturing 

.20 

.47 

~ 

-- 

Railroad  transportation 

.69 

.58 

.11 

.69 

Trucking  and  warehousing 

1.66 

1.40 

.26 

1.68 

Local  transit 

.29 

.29 

~ 

-- 

Air  transportation 

.20 

.50 

- 

- 

Pipeline  transportation 

0 

.02 

- 

-- 

Transportation  services 

.24 

.22 

.02 

.11 

See  footnotes  at  end  of  table. 
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Table  2— Calculation  of  dependency  indexes  for  Oregon,  1980  (continued) 


Employment 

Oregon 

United 

excess 

Dependency 

Industry 

Oregon 

States 

employment  ^' 

index  2/ 

Percent 

Water  transportation 

.24 

.23 

.01 

.08 

Communications 

1.53 

1.48 

.05 

.34 

Electrical,  gas,  and 

sanitation  services 

.83 

.90 

-- 

-- 

Wholesale  trade 

6.36 

5.79 

.57 

3.76 

Retail  trade 

17.74 

16.50 

1.24 

8.09 

Banking 

1.64 

1.72 

~ 

-- 

Other  credit  agencies 

.94 

.99 

~ 

~ 

Insurance 

1.81 

1.89 

-- 

- 

Real  estate  and  combinations 

1.28 

1.16 

.12 

.81 

Hotel  and  other  lodging 

1.42 

1.20 

.22 

1.42 

Personal,  miscellaneous 

business,  and  repair  services 

3.56 

4.69 

-- 

-- 

Auto  repair  service 

.65 

.63 

.02 

.11 

Amusement 

.68 

.84 

~ 

-- 

Motion  pictures 

.18 

.24 

~ 

-- 

Medical  and  other  health 

5.85 

5.71 

.14 

.90 

Private  education 

.90 

1.47 

-- 

-- 

Nonprofit  organizations 

3.02 

3.01 

.01 

.09 

Miscellaneous  services 

1.57 

1.63 

- 

-- 

Federal  civilian 

2.78 

3.27 

~ 

-- 

Federal  military 

1.29 

2.68 

-- 

-- 

Nonfarm  proprietors 

10.55 

7.66 

2.89 

18.89 

Total  3/ 

100.00 

100.00 

15.28 

100.00 

^'   us   employment  share  minus  Oregon  employment  share.  Figures  may  not  be  equal  to  Oregon 
minus  United  States  because  of  rounding.  Dashes  signify  no  excess  employment. 

^'  Excess  employment  of  each  industry  expressed  as  a  percentage  of  Oregon  total  excess  employment. 

^'  Totals  may  not  be  exact  because  of  rounding. 
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Table  3— Calculation  of  dependency  indexes  for  Washington,  1980 

Employment  Washington 

United        excess        Dependency 
Industry  Washington  States   employment-/      index^ 

Percent 

8.60 

2.42 


Agriculture 

2.68 

1.46 

1.22 

Agricultural  services, 

forestry,  and  fisheries 

.96 

.62 

.34 

Farm  proprietors 

2.61 

3.03 

-- 

Coal  mining 

.03 

.27 

-- 

Oil  and  gas  extraction 

0 

.60 

-- 

Metal  mining 

.05 

.11 

- 

Nonmetallic  minerals 

.09 

.14 

-- 

Construction 

5.56 

4.74 

.82 

Food  and  kindred  products 

1.86 

1.87 

-- 

Tobacco 

0 

.07 

-- 

Textile  mill  production 

.06 

.93 

~ 

Apparel  and  other  textiles 

.39 

1.39 

-- 

Paper  and  allied  products 

1.05 

.76 

.29 

Printing  and  publishing 

.95 

1.37 

-- 

Chemical  and  allied  products 

.52 

1.22 

-- 

Petroleum  refining 

.12 

.22 

~ 

Rubber  and  miscellaneous 

plastics 

.21 

.80 

~ 

Leather  and  leather  products 

.02 

.26 

-- 

Lumber  and  wood  products, 

except  mobile  homes 

2.73 

.71 

2.02 

Mobile  homes 

.06 

.05 

0 

Wood  furniture 

.12 

.32 

~ 

Other  furniture  and  fixtures 

.08 

.19 

~ 

Stone,  clay,  and  glass  products 

.41 

.73 

-- 

Primary  metals 

1.00 

1.26 

- 

Fabricated  metals 

.71 

1.77 

- 

Machinery,  excluding  electrical 

.90 

2.73 

- 

Electrical  machinery 

.69 

2.31 

- 

Transportation  equipment,  except 

motor  vehicles 

5.76 

1.21 

4.55 

Motor  vehicles 

.14 

.87 

-- 

Instruments  and  related 

equipment 

.38 

.77 

-- 

Miscellaneous  manufacturing 

.28 

.47 

-- 

Railroad  transportation 

.63 

.58 

.05 

Trucking  and  warehousing 

1.25 

1.40 

-- 

Local  transit 

.19 

.29 

~ 

See  footnotes  at  end  of  table. 


5.78 


2.07 


14.24  4 
.03  3 


32.02 


.34 
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Table  3— Calculation  of  dependency  indexes  for  Washington,  1980  (continued) 


Employment 

Washington 

United 

excess 

Dependency 

Industry 

Washington 

States 

employment  ^' 

index  2/ 

Percent 

Air  transportation 

.57 

.50 

.07 

.49 

Pipeline  transportation 

.01 

.02 

-- 

-- 

Transportation  services 

.34 

.22 

.11 

.80 

Water  transportation 

.48 

.23 

.25 

1.77 

Communications 

1.59 

1.48 

.11 

.79 

Electric,  gas,  and 

sanitation  services 

.44 

.90 

-- 

-- 

Wholesale  trade 

6.01 

5.79 

.22 

1.55 

Retail  trade 

16.86 

16,50 

.35 

2.50 

Banking 

1.70 

1.72 

-- 

-- 

Other  credit  agencies 

.84 

.99 

-- 

-- 

Insurance 

1.77 

1.89 

-- 

-- 

Real  estate  and  combinations 

1.36 

1.16 

.20 

1.39 

Hotel  and  other  lodging 

1.08 

1.20 

-- 

-- 

Personal,  miscellaneous 

business,  and  repair  services 

4.46 

4.69 

-- 

-- 

Auto  repair  service 

.68 

.63 

.05 

.32 

Amusement 

.86 

.84 

.02 

.11 

Motion  pictures 

.19 

.24 

-- 

-- 

Medical  and  other  health 

5.72 

5.71 

.01 

.06 

Private  education 

.78 

1.47 

-- 

- 

Nonprofit  organizations 

3.29 

3.01 

.28 

1.98 

Miscellaneous  services 

1.77 

1.63 

.13 

.92 

Federal  civilian 

4.02 

3.27 

.76 

5.32 

Federal  military 

4.08 

2.68 

1.40 

9.87 

Nonfarm  proprietors 

8.60 

7.66 

.94 

6.62 

Total  3/ 

100.00 

100.00 

14.20 

100.00 

^'  U.S.  employment  share  mmus  Washington  employment  share^  Figures  may  not  be  equal  to 
Washington  minus  United  States  because  of  rounding.  Dashes  signify  no  excess  employment. 

^'  Excess  employment  of  each  industry  expressed  as  a  percentage  of  Washington  total  excess 
employment. 


^'  Totals  may  not  be  exact  because  of  rounding. 


Table  4— Value  added,  payroll,  hours  worked,  and  profits  of  the  forest  ^ 

products  Industry  In  the  Pacific  Northwest  and  in  regions  of  the  South,  1977 


Region 

Change  in 

and 

Value 

Hours 

profits. 

industry 

added 

Payroll 

worked 

Profits^^^ 

1972-77 

Million  dollars 

Million 

$VAMP/hour 

Percent 

Pacific  Northwest: 

i 

Lumber  and 

wood  products 

3,831 

1,734 

212 

9.92 

14.27 

Wood  furniture 

72 

37 

6 

5.85 

26.43 

Paper  and 

allied  products 

1,327 

472 

41 

20.97 

32.39 

Total  or 

average  ^^ 

5,230 

2,242 

258 

11.57 

18.69 

South: 

Lumber  and 

wood  products 

4,707 

2,025 

384 

6.98 

30.69 

Wood  furniture 

2,519 

1,286 

269 

4.58 

3.13 

Paper  and 

allied  products 

7,114 

2,599 

286 

15.81 

38.88 

Total  or 
average 


14,340         5,910 


940 


8.97 


29.69 


South  Atlantic: 

Lumber  and 

wood  products 

1,984 

871 

165 

6.74 

26.37 

Wood  furniture 

1,704 

865 

183 

4.59 

4.50 

Paper  and 

allied  products 

3,217 

1,241 

136 

14.48 

32.69 

Total  or 

average-^ 

6,905 

2,977 

484 

8.11 

24.00 

East  South  Central: 

Lumber  and 

wood  products 

802 

370 

72 

5.98 

13.93 

Wood  furniture 

320 

174 

36 

4.09 

.22 

Paper  and 

allied  products 

1,776 

577 

64 

18.71 

54.66 

Total  or 

average-^ 

2,898 

1,122 

172 

10.33 

37.48 

See  footnotes  at  end  of  table. 
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Table  4— Value  added,  payroll,  hours  worked,  and  profits  of  the  forest 
products  Industry  in  the  Pacific  Northwest  and  in  regions  of  the  South, 
1977  (continued) 


Region 

Change  in 

and 

Value 

Hours 

profits, 

industry 

added 

Payroll 

worked 

Profits  ^ 

1972-77 

Million  dollars 

Million 

$VAMP/hour 

Percent 

Mid-South: 

Lumber  and 

wood  products 

1,247 

501 

96 

7.78 

43.43 

Wood  furniture 

321 

155 

34 

4.94 

-4.46 

Paper  and 

allied  products 

1,373 

483 

52 

17.12 

35.71 

Total  or 
average 


2/ 


2,941 


1,139 


182 


9.93 


32.58 


West  South  Central: 

Lumber  and 

wood  products 

675 

283 

51 

7.65 

43.70 

Wood  furniture 

174 

92 

17 

4.72 

6.08 

Paper  and 

allied  products 

747 

298 

33 

13.61 

39.60 

Total  or 

average  ^/ 

1,596 

673 

102 

9.09 

37.32 

''  Profits  (before  taxes)  equals  value  added  minus  payroll  (VAMP),  divided  by  fiours  worked. 

''  Totals  may  not  be  exact  because  of  rounding. 

Source;  U.S.  Bureau  of  \he  Census,  Census  of  IVlanufactures,  for  1972  and  1977,  States  of  the  Pacific 
Northwest,  the  South,  and  the  United  States,  available  in  1976  and  1980.  In  the  few  instances  where 
data  were  not  available  for  some  subindustry  segments,  the  distribution  of  the  number  of 
establishments  was  used  to  estimate  nondisclosures. 
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Table  5— Value  added,  payroll,  hours  worked,  and  profits  of  the  forest 
products  industry  in  the  Pacific  Northwest  and  in  regions  of  the  South, 
1982 


42 


Region 

Change  in 

and 

Value 

Hours 

profits, 

industry 

added 

Payroll 

worked 

Profits^J 

1977-82 

Million  dollars 

Million 

$VAMP/hour 

Percent 

Pacific  Northwest: 

Lumber  and 

wood  products 

1,808 

1,155 

136 

4.81 

-51.52 

Wood  furniture 

56 

25 

4 

8.21 

40.35 

Paper  and 

allied  products 

1,056 

447 

34 

17.65 

-15.84 

Total  or 

average-^^ 

2,920 

1,627 

174 

7.43 

-35.81    1 

South: 

Lumber  and 

wood  products 

3,380 

1,749 

334 

4.88 

-30.04 

Wood  furniture 

2,159 

1,106 

225 

4.66 

1.73 

Paper  and 

allied  products 

7,482 

2,733 

285 

16.65 

-5.35 

Total  or 

1 

average  ^i 

13,022 

5,593 

844 

8.80 

-1.97  J 

South  Atlantic: 

m 

Lumber  and 

' 

wood  products 

1,563 

804 

154 

4.92 

-26.95  ' 

Wood  furniture 

1,476 

782 

156 

4.46 

-2.81 

Paper  and 

1 

allied  products 

3,370 

1,298 

136 

15.20 

4.98  '' 

Total  or 

average-^ 

6,409 

2,884 

446 

7.90 

-2.56  ^ 

East  South  Central: 

Lumber  and 

1 

wood  products 

578 

307 

62 

4.41 

-26.181 

Wood  furniture 

302 

151 

35 

4.35 

6.27' 

Paper  and 

allied  products 

2,087 

636 

67 

21.78 

16.44  1 

Total  or 

average-^ 

2,965 
table. 

1,094 

163 

11.51 

11.39 

See  footnotes  at  end  of 

Table  5— Value  added,  payroll,  hours  worked,  and  profits  of  the  forest 
products  Industry  in  the  Pacific  Northwest  and  in  regions  of  the  South, 
1982  (continued) 


Region 

Change  in 

and 

Value 

Hours 

profits. 

industry 

added 

Payroll 

worked 

Profits  y 

1977-82 

Million  dollars 

Million 

$VAMP/hour 

Percent 

Mid-South: 

Lumber  and 

wood  products 

749 

386 

73 

4.99 

-35.83 

Wood  furniture 

262 

113 

23 

6.34 

28.34 

Paper  and 

allied  products 

1,245 

476 

47 

16.39 

-4.25 

Total  or 

average  ^^ 

2,256 

975 

143 

8.95 

-9.86 

West  South  Central: 

Lumber  and 

wood  products 

529 

273 

48 

4.43 

-30.33 

Wood  furniture 

121 

64 

12 

4.75 

,64 

Paper  and 

allied  products 

789 

322 

35 

13.18 

-3.31 

Total  or 
average 


2/ 


1,439 


659 


96 


8.12 


-10.67 


''  Profits  (before  taxes)  equals  value  added  minus  payroll  (VAMP),  divided  by  hours  worked. 

^'  Totals  may  not  be  exact  because  of  rounding 

Source:  U.S   Bureau  of  thie  Census,  Census  of  Manufactures,  for  1977  and  1982.  States  of  the  Pacific 
Northwest,  the  South,  and  the  United  States,  available  in  1980  and  1985   In  the  few  instances  where 
data  were  not  available  for  some  subindustry  segments,  the  distribution  of  the  number  of 
establishments  was  used  to  estimate  nondisclosures 
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Appendix  2 

Oregon  Counties  by 
Sub-State  Planning  and 
Development  Districts 


District 
code 


Counties 


1  Clatsop,  Tillamook 

2  Columbia,  Multnomah,  Washington 

3  Marion,  Polk,  Yamhill 

4  Benton,  Lincoln,  Linn 

5  Lane 

6  Douglas 

7  Coos,  Curry 

8  Jackson,  Josephine 

9  Hood  River,  Sherman,  Wasco 

10  Crook,  Deschutes,  Jefferson 

11  Klamath,  Lake 

12  Gilliam,  Grant,  Morrow,  Umatilla,  Wheeler 

13  Baker,  Union,  Wallowa 

14  Harney,  Malheur 


Washington  Counties  by 
Sub-State  Planning  and 
Development  Districts 


District 
code 


Counties 


1  Clallam,  Jefferson 

2  Grays  Harbor,  Pacific 

3  Island,  San  Juan,  Skagit,  Whatcom 

4  King,  Kitsap,  Pierce,  Snohomish 

5  Lewis,  Mason,  Thurston 

6  Clark,  Cowlitz,  Klickitat,  Skamania,  Wahkiakum 

7  Chelan,  Douglas,  Okanogan 

8  Kittitas,  Yakima 

9  Adams,  Grant,  Lincoln 

10  Benton,  Franklin 

11  Ferry,  Pend  Oreille,  Stevens 

12  Spokane 

13  Asotin,  Columbia,  Garfield,  Walla  Walla,  Whitman 
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Schallau,  Con  H;  Maki,  Wilbur  R.  Economic  impacts  of  interregional  com- 
petition in  the  forest  products  industry  during  the  1970's:  the  South  and  the 
Pacific  Northwest.  Res.  Pap.  PNW-350.  Portland,  OR:  U.S.  Department  of 
Agriculture,  Forest  Service,  Pacific  Northwest  Research  Station;  1986.44  p. 

Until  the  1970's,  the  Pacific  Northwest  dominated  national  markets  for  soft- 
wood lumber  and  plywood.  During  the  1970's,  however,  the  region's  share 
declined  while  production  increased  in  the  South.  Meanwhile,  the  South's  and 
the  Pacific  Northwest's  shares  of  the  Nation's  employment  in  lumber  and 
wood  products  declined.  This  resulted  mainly  from  the  increase  in  lumber  im- 
ports from  Canada  and  the  construction  of  new,  state-of-the-art  plywood  mills 
in  the  South.  Trends  in  Canada  and  the  South  suggest  that  the  Pacific  North- 
west could  regain  its  dominant  position  as  the  supplier  of  solid  softwood 
products.  Although  employment  in  the  forest  products  industry  will  unlikely 
return  to  past  levels,  the  industry  will  continue  to  play  an  important  role  in  the 
region's  economic  growth  and  development. 


Keywords:  Economic  impact,  interregional  competition,  economics  (forest  pro- 
ducts industries),  shift-share  analysis,  Canada,  Pacific  Northwest,  South. 


The  Forest  Service  of  the  U.S.  Department  of 

Agriculture  is  dedicated  to  the  principle  of  multiple 

use  management  of  the  Nation's  forest  resources 

for  sustained  yields  of  wood,  water,  forage,  wildlife, 

and  recreation.  Through  forestry  research,  ^ 

cooperation  with  the  States  and  private  forest  "y 

owners,  and  management  of  the  National  Forests  5 

and  National  Grasslands,  it  strives  —  as  directed  by 

Congress  —  to  provide  increasingly  greater  service 

to  a  growing  Nation.  ^ 
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Employment  and  earnings  in  South  Carolina's  forest  products  industry,  like  those  of 
most  Southern  States,  grew  significantly  between  1970  and  1980.  The  forest 
products  industry  accounted  for  a  larger  share  of  the  State's  economic  base  in 
1980  than  in  1970.  Moreover,  during  this  period,  the  State  increased  its  share  of  the 
Nation's  forest  products  industry  employment  and  earnings.  Pulp  and  allied 
products  had  the  highest  productivity,  but  lumber  and  wood  products  experienced 
the  largest  increase  in  productivity  between  1972  and  1977. 

Keywords:  Forest  products  industries,  economics  (forest  products  industries).  South 
Carolina. 


South  Carolina's  forest  products  industry,  like  that  of  most  Southern  States, 
experienced  significant  growth  during  the  1970's.  This  resurgence  resulted  from  the 
increasing  size  and  amount  of  timber,  investment  in  new  plants  and  equipment, 
and  a  growing  demand  for  South  Carolina's  forest  products. 

This  report  briefly  describes  South  Carolina's  forest  products  industry-its 
composition,  location,  evolution,  and  relation  to  economic  activity  elsewhere  in  the 
State,  the  South,  and  the  Nation. 

Estimates  of  employment  and  earnings  shown  in  this  report  were  derived  from  U.S. 
Department  of  Commerce  data.  All  references  to  dollar  amounts  are  in  constant 
1977  dollars. 

This  is  one  in  a  series  of  reports  for  each  of  the  13  Southern  States.  These  reports 
are  companions  to  an  analysis  of  the  changing  roles  of  the  forest  products  in- 
dustries of  the  South  and  the  Pacific  Northwest. 

•  In  1980,  the  forest  products  industry  was  the  fifth  largest  component  of  South 
Carolina's  economic  base  (the  economic  base  is  comprised  of  industries 
producing  for  export  outside  the  State).  Furthermore,  the  forest  products  industry 
was  a  larger  component  of  the  State's  economic  base  in  1980  than  it  was  in 
1970. 

•  In  terms  of  earnings,  paper  and  allied  products  is  the  largest  component  of  the 
State's  forest  products  industry.  During  the  1970's,  it  was  the  fastest  growing 
segment  of  South  Carolina's  forest  products  industry  in  terms  of  both 
employment  and  earnings. 

•  In  1977,  pulp  and  allied  products  accounted  for  the  largest  share  of  value  added 
by  South  Carolina's  forest  products  industry.  Lumber  and  wood  products  showed, 
however,  a  significantly  greater  increase  in  the  rate  of  growth  between  1972  and 
1977. 


•  In  terms  of  capital  productivity  (measured  in  terms  of  value  added  minus  payr 
per  worker  fiour),  South  Carolina's  forest  products  industry  was  the  fifth  most 
efficient  in  the  South. 

•  In  1977,  paper  and  allied  products  had  the  highest  productivity  in  the  State's 
forest  products  industry.  Lumber  and  wood  products,  however,  exhibited  the 
greatest  increase  in  productivity  between  1972  and  1977. 

•  During  the  1970's,  South  Carolina  increased  its  share  of  the  Nation's 
employment  and  earnings  in  the  forest  products  industry. 

•  In  1980,  average  earnings  in  South  Carolina  were  below  the  average  for  the 
Nation's  forest  products  industry.  Between  1970  and  1980,  the  rate  of  growth  in 
earnings  in  South  Carolina  exceeded  the  rate  for  the  Nation. 

•  Earnings  for  South  Carolina's  paper  and  allied  products  workers  were 
significantly  greater  than  the  earnings  in  the  other  components  of  the  forest 
products  industry. 

•  In  1980,  South  Carolina  ranked  eighth  among  the  South's  13  States  in  terms  ( 
timber  dependency. 
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le  Forest  Products 
iconomy  of  South 
iarolina 

liie  State's  Workforce 


South  Carolina's  estimated  full-  and  part-time  workforce  in  1980  was  comprised  of 
an  estimated  1.5  million  employees  and  proprietors  (see  appendix  tables  for 
sources  of  employment  and  earnings  data).  Like  many  Sunbelt  States,  South 
Carolina's  workforce  grew  faster  between  1970  and  1980  than  did  the  national 
average  (28.1  percent  versus  22.3  percent).  Total  earnings-wage  and  salary 
payments  and  proprietorial  income-also  grew  faster  than  the  national  average. 
Measured  in  constant  1977  dollars,  the  State's  earnings  increased  by  35.1  percent 
as  compared  to  27.4  percent  for  the  Nation.  As  can  be  seen  in  the  following 
tabulation,  manufacturing,  services,  and  State  and  local  government  were  the 
State's  three  largest  employer  categories: 


Percent  of  total  employment, 
1980 


Employers 


South  Carolina 


U.S. 


Major  industries: 
Manufacturing  (including  the 

forest  products  industry) 
Services 

State  and  local  government 
Retail  trade 
Nonfarm  proprietors 
Agriculture 
Construction 
Transportation,  communication, 

and  public  utilities 
Wholesale  trade 

Subtotal 

All  other  industries 

Total 


26.54 


13.65 

13.15 

11.87 

5.86 

5.26 

4.98 

3.59 

3.38 

88.28 

11.72 

100.00 


19.15 

18.22 

12.56 

14.18 

6.58 

4.39 

4.08 

4.84 
4.97 

88.97 

11.03 
100.00 


Components  of  the  Along  with  total  employment  there  is  another  and  perhaps  more  important  way  1 

State's  Economic  Base        judge  an  industry's  contribution  to  South  Carolina's  economy.  For  the  State's 

economy  to  grow  and  develop,  it  must  attract  new  dollars  so  residents  can  buy 
goods  and  services  produced  elsewhere.  The  industries  that  export  products  an 
services  beyond  local  boundaries  (that  is,  to  elsewhere  in  the  State,  to  other 
States,  and  to  the  world)  and  bring  in  new  dollars,  constitute  the  State's  econorr 
base.  Generally  speaking,  most  manufacturing  employment  is  classified  as 
"economic  base"  (or  "basic"),  while  residentiary  employment  (for  example,  barb 
shops,  realty  firms,  schools,  and  local  government)  is  primarily  geared  to  produc 
for  local  needs.  Federal  military  provides  national  defense  for  all  of  the  Nation's 
citizens.  Furthermore,  taxpayers  outside  South  Carolina  help  support  this  activit; 
consequently.  Federal  military  qualifies  as  a  basic  industry. 

Residentiary  employment  is  supported  by  the  economic  base.  Money  flowing  in 
provides  income  for  wage  earners  and  entrepreneurs  to  spend  on  locally 
purchased  goods  and  services.  In  most  cases,  the  economic  growth  of  a  region 
dependent  upon  the  success  of  its  economic  base. 

We  used  the  excess  employment  technique  to  identify  the  industries  that  compr 
South  Carolina's  (or  a  substate  district's)  economic  base.  This  approach  accepts 
the  national  distribution  of  employment  among  industries  as  a  norm.  Any  indust 
with  employment  in  excess  of  this  norm  is  considered  to  be  producing  for  expor 
markets  outside  the  State  (or  substate  district)  and  is  part  of  South  Carolina's 
economic  base.  The  percentage  of  South  Carolina's  excess  employment  served 
an  indicator  of  the  State's  dependency  on  a  particular  industry  for  generating  ne 
dollars  from  outside  the  State.  The  percentage  associated  with  the  forest  produf 
industry  is  defined  as  the  timber-dependency  indicator  (table  2  shows  how  exce 
employment  and  industry  dependency  indicators  for  South  Carolina  were 
calculated).  A  particular  industry  may  be  basic  at  the  local  level  but  not  at  the 
State  level. 


In  1980,  nine  industries  accounted  for  nearly  all  of  the  State's  excess  employment- 
that  is,  its  economic  base  (see  tabulation  below).  Although  these  same  industries 
accounted  for  a  slightly  larger  share  (97.31  percent)  in  1970,  the  change  in  shares 
of  certain  individual  industries  was  quite  significant.  Textiles  and  apparel  dominated 
South  Carolina's  economic  base,  but  less  so  in  1980  than  in  1970.  Agriculture  was 
also  less  important  in  1980  than  1970.  Federal  military  personnel  accounted  for 
nearly  the  same  proportion  of  the  economic  base  in  1970  as  in  1980.  As  seen  in 
the  following  tabulation  of  selected  industry  dependency  indicators,  the  forest 
products  industry  was  more  important  in  1980  than  in  1970: 


Dependency  indicator 


Economic  base  industries 

Textiles  and  apparel 

Federal  military 

Chemical  and  allied  products 

Agriculture 

Forest  products  '''' 

Rubber  and  miscellaneous 

plastics 
Electrical,  gas,  and  sanitation 

services 
Stone,  clay,  and  glass  products 
Nonmetallic  minerals 

Subtotal 


1970 


1980 


(Percent  of  economic  base) 
60.65  55.47 

18.08  18.88 

4.55  6.40 

9.49  5.53 

3.45  3.85 


0 

1.03 
.06 

97.31 


2.81 

.95 

.69 

^ 

94.65 


All  other  industries 
Total 


2.69 


100.00 


5.35 


100.00 


^J   For  the  purposes  of  this  analysis,  the  forest  products  industry 
is  comprised  of  (1)  lumber  and  wood  products  (SIC  24),  except 
mobile  homes  (SIC  2451);  and  (2)  wood  furniture  (SIC  2511,  2512, 
2517,  2521,  2541),  and  paper  and  allied  products  (SIC  26). 


Geographical 
Importance  of  the 
State's  Forest  Products 
Industry 


The  contribution  of  the  forest  products  industry  to  South  Carolina's  economic  ba 
varies  between  substate  districts  (see  Appendix  2  for  a  listing  of  counties  by 
district).  Generally  speaking,  the  forest  products  industry  is  more  important  in 
northeastern  South  Carolina  than  elsewhere.  For  example,  the  forest  products 
Industry  accounts  for  16  percent  of  the  economic  base  (that  is,  those  industries 
producing  for  export  to  other  States  and  the  rest  of  the  world)  in  the  Pee  Dee 
area,  but  less  than  1  percent  in  the  southern  coastal  plain  area.  South  Carolina'; 
dependency  on  the  forest  products  industry  to  produce  exports  increased  or 
remained  constant  in  most  substate  districts  between  1970  and  1980.  The 
exceptions  were  the  coastal  districts. 


GREENVILLE 


HARTSVILLE 


LEGEND 


Dependency  -indicator 


-less  than  5 
-5  to  10 
-greater  than  10 


Dependency -change  1970-80 


a 


n 


O 


no  change 

increase 

decrease 


Number  designates  substate 
planning  and  development 
districts  (see  Appendix  2). 


COLUMBIA 


CHARLESTON 


Source:  Substate  estimates  for  1970  and  1980  were 
derived  from  unpublished  county  data  series  provided  by 
the  U.S.  Department  of  Commerce,  Regional  Economic 
Information  System,  Washington,  DC;  and  from  the 
Department's  County  Business  Patterns.  The  numbers 
used  to  designate  substate  districts  correspond  to  the 
geographical  classification  of  counties  as  shown  in 
Appendix  2. 
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South  Carolina's  forest  products  industry  is  comprised  of  paper  and  allied 
products,  lumber  and  wood  products  (not  including  mobile  homes),  and  wood 
furniture.  In  1980,  paper  and  allied  products  and  lumber  and  wood  products 
accounted  for  nearly  equal  shares  of  approximately  33,000  workers  employed  by 
South  Carolina's  forest  products  industry.  The  paper  and  allied  products  industry 
had  the  largest  share  of  1980  earnings. 


Lumber  and  wood  products  and  wood  furniture  employment  changed  little  during 
the  1970's.  Growth  in  employment  of  the  paper  and  allied  products  industry  was 
substantially  greater  than  for  the  other  two  components  but  was  not  as  fast  as  for 
the  average  for  all  industries  (22.3  percent).  Growth  of  wood  furniture  earnings 
lagged  behind  the  national  average  (27.4  percent),  although  earnings  growth  for  the 
other  components  exceeded  the  national  average. 


1980  Employment— 32,904 


1980  Earnings— $445  million 


PAP 

(  +  45) 


Numbers  in  parentheses  show  percentage  of  change 
from  1970  to  1980. 


Average  Annual 
Earnings  per  Worker 


Average  annual  1980  earnings  per  worker  in  paper  and  allied  products  were 
significantly  greater  than  were  earnings  in  the  other  two  components.  Higher 
average  skill  levels,  capital  investnnent  per  worker,  and  unions  account  for  this 
difference.  Earnings  in  wood  furniture  were  half  those  for  paper  and  allied 
products  and  significantly  below  the  average  for  all  forest  products  industries  in 
the  South  and  the  United  States. 


Average  annual  earnings  in  South  Carolina's  forest  products  industry  were 
internnediate  between  those  for  the  Nation  and  for  the  South.  Average  growth  in 
earnings  was  greater  for  South  Carolina  than  for  the  South  and  the  Nation.  Grov 
of  earnings  for  wood  furniture  lagged  significantly  behind  the  rest  of  the  industry 
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Numbers  in  bars  show  percentage  of  change  from  1970 
to  1980. 


lue  Added  by  the 
rest  Products 
lustry 


Value  added  by  manufacturing  represents  income  payments  made  directly  to 
workers  and  business  owners.  It  is  equal  to  the  value  of  shipments  less  the  cost  of 
materials,  parts,  supplies,  fuel,  goods  purchased  for  resale,  electric  energy,  and 
contract  work.  Unlike  value  of  shipments,  value  added  avoids  double  counting. 
Consequently,  value  added  by  manufacturing  is  considered  the  best  monetary 
gauge  of  the  relative  economic  importance  of  a  manufacturing  industry. 


In  1977,  paper  and  allied  products  accounted  for  more  than  half  of  the  $800 
million  of  the  value  added  by  South  Carolina's  forest  products  industry.  Between 
1972  and  1977,  the  value  added  by  lumber  and  wood  products  grew  at  twice  that 
of  paper  and  allied  products.  Value  added  by  wood  furniture  declined  significantly 
during  this  period. 


Numbers  in  parentheses  show  percentage  of  change 
from  1972  to  1977. 


Capital  Productivity 


Increases  in  productivity  are  necessary  for  an  industry  to  remain  competitive  in  i 
marketplace.  Capital  productivity  of  an  industry  is  measured  in  terms  of  value 
added,  minus  payroll,  per  worker  hour-VAMP  (see  table  3  for  an  explanation  of 
how  capital  productivity  was  calculated  for  South  Carolina's  forest  products 
industry).  This  measure  of  productivity  adjusts  for  wide  differences  in  payroll 
among  industries  and  represents  the  return  to  capital  investment  and 
entrepreneurship. 


Not  surprisingly,  paper  and  allied  products  had  the  highest  productivity  in  South 
Carolina's  forest  products  industry.  This  component  is  more  capital  intensive  an^ 
in  the  past  has  attracted  considerable  investment  in  new  facilities  and  equipmer 
During  the  mid-1 970's,  however,  lumber  and  wood  products  exhibited  a  larger  g 
in  productivity  than  did  paper  and  allied  products.  Continued  improvements  in 
logging  techniques  as  well  as  in  manufacturing  processes  accounted  for  the  gai 
in  lumber  and  wood  products.  The  relatively  low  productivity  of  wood  furniture  a 
compared  to  the  rest  of  the  forest  products  industry  reflects  the  labor-intensive 
nature  of  its  manufacturing  process. 
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Dollars  per  worker  hour 


15 


Numbers  in  bars  show  percentage  of  change  from  1972 
to  1977. 


e  Forest  Products     The  dependency  indicators  suggest  that  all  but  four  States  in  the  South 
lustry  in  the  manufactured  forest  products  in  excess  of  local  needs:  Florida,  Kentucky, 

Oklahoma,  and  Texas  were  not  self-sufficient  with  respect  to  forest  products. 
Consequently,  on  net  balance,  their  respective  forest  products  industries  did  not 
generate  new  dollars  from  outside.  In  South  Carolina,  the  forest  products  industry 
accounted  for  3.8  percent  of  economic  base  employment,  or  approximately  1  out 
of  26  basic  employees.  In  three  States-North  Carolina,  Arkansas  and  Mississippi-- 
the  forest  products  industry  accounted  for  approximately  16  percent  of  those 
States'  economic  base,  or  1  out  of  6  basic  employees. 
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Industry  Composition  Paper  and  allied  products  accounted  for  a  larger  share  of  South  Carolina's  1£ 

forest  products  industry  employment  and  earnings  than  it  did  for  the  South. 
Although  this  industry's  employment  increased  in  South  Carolina  and  the  Sou 
between  1970  and  1980,  it  decreased  nationwide.  Likewise,  the  growth  of  paf 
and  allied  products'  earnings  nationwide  lagged  behind  those  in  South  Carolii 
and  the  South. 

Wood  furniture  is  a  less  important  segment  of  the  forest  products  industry  in 
Carolina  than  in  the  South  or  the  Nation.  Growth  of  this  industry's  employmer 
was  substantially  greater  for  the  South  than  for  South  Carolina  or  the  Nation. 

Lumber  and  wood  products  accounted  for  about  the  same  proportion  of  Soutl 
Carolina's  forest  products  industry's  employment  and  earnings  as  it  did  for  th 
South  and  the  Nation.  During  the  1970's  employment  and  earnings  growth  in 
industry  in  South  Carolina  was  less  than  in  the  South  or  the  Nation. 
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umbers  in  parentheses  show  percentage  of  change 
pm  1970  to  1980.  Earnings  are  expressed  in  constant 
977  dollars. 


Growth  of  Employment 


With  the  exception  of  Arkansas  and  Louisiana,  forest  products  industry 
employment  in  each  of  the  Southern  States  grew  faster  from  1970  to  1980  than  c 
the  U.S.  counterpart.  Employment  in  two  States-Oklahoma  and  Texas-grew  faste 
than  the  all-industry  average  of  22.3  percent.  Employment  growth  in  South 
Carolina's  forest  products  industry  was  more  than  twice  the  national  rate  and  rani 
sixth  among  the  13  Southern  States. 
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y/erage  Annual 
arnings 


Average  annual  earnings  per  worker  in  the  forest  products  industry  differed 
significantly  by  State  in  1980:  Approximately  $5,000  separated  the  State  with  the 
highest  earnings--Louisiana--from  the  State  with  the  lowest-North  Carolina.  Pulp 
and  allied  products,  which  has  traditionally  paid  higher  wages  than  have  other 
forest  products  industries,  dominated  Louisiana's  forest  products  industry.  Wood 
furniture,  which  has  paid  lower  average  wages,  dominated  North  Carolina's 
industry. 

Average  annual  earnings  per  worker  in  South  Carolina's  forest  products  industry 
were  about  6  percent  less  than  the  industry's  U.S.  average.  Between  1970  and 
1980,  South  Carolina's  rate  of  growth  in  earnings  exceeded  the  rate  for  the  United 
States.  In  average  annual  earnings  per  worker.  South  Carolina  ranked  sixth  in  the 
South.  It  ranked  seventh  in  terms  of  growth. 

Generally  speaking,  paper  and  allied  products  dominated  the  forest  products 
industry  in  the  States  with  highest  average  annual  earnings.  This  relationship 
reflects  higher  job  skills  and  unions  in  the  paper  industry.  Wages,  by  and  large, 
were  the  lowest  in  those  States  where  the  labor-intensive  wood  furniture  was  more 
important. 


I  I  I  I  I  I  I 

8,000    9,000    10,000  11,000   12,000  13,000  14,000  15,000  16,000  17,000  18,000  19,000 

1977  dollars 


linbers  in  bars  show  percentage  of  change  from  1970 
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Shift  in  Employment  The  regional  shift  shows  how  much  more  or  less  employment  and  earnings  a 

and  Earnings  State  would  have  had  in  the  forest  products  industry  in  1980  had  the  industry 

grown  at  the  national  rate.  For  example,  South  Carolina  had  approximately  1,700 
more  employees  in  1980  than  it  would  have  had  if  its  forest  products  industry  hac 
grown  at  the  national  rate. 

Between  1970  and  1980,  total  employment  in  the  forest  products  industry 
increased  in  every  Southern  State  except  Louisiana  and  Arkansas.  Moreover,  all 
but  these  two  States  increased  their  share  of  the  Nation's  forest  products  industry 
employment;  all  but  Louisiana  increased  their  share  of  earnings. 

Increased  shares  of  employment  and  earnings  reflect  the  comparative  advantage 
the  South's  forest  products  industry  enjoyed  over  this  industry  in  the  rest  of  the 
Nation.  Several  factors  (for  example,  relatively  lower  labor  costs,  lower  raw 
materials  costs,  and  closer  proximity  to  markets)  might  account  for  a  region's 
comparative  advantage,  although  adverse  trends  with  respect  to  one  factor  need 
not  reduce  a  region's  advantage.  In  the  case  of  the  South,  for  instance,  increasin 
labor  costs  need  not  adversely  affect  its  comparative  advantage  if  increased 
capital  or  labor  productivity  offsets  higher  labor  costs. 
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Value  Added  by  the 
Forest  Products 
Industry 


In  1977,  the  forest  products  industry  of  North  Carolina  produced  more  value  add 
than  that  of  any  other  State  in  the  South.  South  Carolina  was  eleventh  among  th 
13  Southern  States.  Texas  was  not  only  one  of  the  leading  States  in  terms  of  tot 
value  added,  it  also  led  the  South  in  terms  of  the  change  in  value  added  betwee 
1972  and  1977.  One  State,  Kentucky,  produced  less  value  added  in  1977  than  ir 
1972. 


!2    2000  - 


+  14 
NC      GA      AL      TX      VA      TN      LA      MS      AR      FL      SC      KY      OK 


Numbers  in  bars  show  percentage  of  changes  from  1972 
to  1977. 
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)ital  Productivity 


Paper  and  allied  products,  which  is  more  capital-intensive  and,  therefore,  nnore 
susceptible  to  technological  change  than  other  forest  products  industries,  exhibited 
the  highest  productivity  within  the  forest  products  industry.  Wood  furniture,  on  the 
other  hand,  is  the  most  labor-intensive  of  the  three  industry  groups.  North 
Carolina,  for  example,  produced  more  value  added  than  any  other  State  in  the 
South,  but  the  productivity  of  its  forest  products  industry  in  1977  was  the  lowest. 
This  reflects  the  dominant  role  of  the  labor-intensive  wood  furniture  component  in 
North  Carolina. 


Increases  in  productivity  exceeded  increases  in  payroll  per  worker  between  1972 
and  1977  for  all  the  Southern  States.  This  relationship  is  in  part  responsible  for 
the  South's  comparative  advantage  in  the  forest  products  industry.  The  average 
productivity  for  all  manufacturing  industries  exceeded  that  of  the  forest  products 
industries  in  11  of  the  13  Southern  States.  But  the  forest  products  industries  in 
five  Southern  States,  including  South  Carolina,  exceeded  the  average  productivity 
for  the  Nation.  Furthermore,  the  increase  in  productivity  of  the  forest  products 
industry  in  South  Carolina  nearly  equaled  that  for  all  manufacturing. 
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Appendix  1 
Tables 


Table  1-Total  labor  and  proprietorial  employment  and  income,  by  industry, 
South  Carolina,  1980^ 


Industry 
number 


Industry 


Employees 


Number 


Wage 

and  salary 

1 

Agriculture 

26,081 

2 

Agricultural  services. 

forestry,  and  fisheries 

6,728 

3 

Coal  mining 

JU 

4 

Oil  and  gas  extraction 

10 

5 

Metal  mining 

0 

6 

Nonmetallic  minerals 

1,900 

7 

Construction 

73,690 

8 

Food  and  kindred  products 

14,530 

9 

Tobacco 

457 

10 

Textile  mill  production 

137534 

11 

Apparel  and  other  textiles 

46,543 

12 

Paper  and  allied  products^ 

14,188 

13 

Printing  and  publishing 

7447 

14 

Chemical  and  allied  products 

33,018 

15 

Petroleum  refining 

408 

16 

Rubber  and  miscellaneous  plastics 

17,729 

17 

Leather  and  leather  products 

118 

18 

Lumber  and  wood  products 

except  mobile  homes-/ 

14,608 

19 

Mobile  homes 

79 

20 

Wood  furniture^ 

4,108 

21 

Other  furniture  and  fixtures 

682 

22 

Stone,  clay,  and  glass  products 

10,968 

23 

Primary  metals 

7,563 

24 

Fabricated  metals 

14,376 

25 

Machinery,  excluding  electrical 

31,630 

26 

Electrical  machinery 

21,952 

27 

Transportation  equipment  except 

motor  vehicles 

2,480 

28 

Motor  vehicles 

1,311 

29 

Ordnance 

AJ  .. 

30 

Instruments  and  related 

equipment 

5,922 

31 

Miscellaneous  manufacturing 

4,804 

32 

Railroad  transportation 

4,075 

33 

Trucking  and  warehousing 

14,707 

34 

Local  transit 

1,027 

35 

Air  transportation 

1,141 

36 

Pipeline  transportation 

55 

See  footnotes  at  end  of  table. 
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Table  1--Total  labor  and  proprietorial  employment  and  income,  by  industry, 
South  Carolina,  1980  ^^  (continued) 


Industry 
number 


Industry 


Employees 


Total 
income 


Wage  and  salary 


37 

Transportation  services 

38 

Water  transportation 

39 

Communications 

40 

Electrical,  gas,  and 

sanitation  services 

41 

Wholesale  trade 

42 

Retail  trade 

43 

Banking 

44 

Other  credit  agencies 

45 

Insurance 

46 

Real  estate  and  combinations 

47 

Hotel  and  other  lodging 

48 

Personal,  miscellaneous 

business,  and  repair  service 

49 

Auto  repair  service 

50 

Amusement 

51 

Motion  pictures 

52 

Private  households 

53 

Medical  and  other  health 

54 

Private  education 

55 

Nonprofit  organizations 

56 

Miscellaneous  services 

57 

Federal  civilian 

58 

Federal  military 

59 

State  and  local  government 

Proprietorial 

60 

Farm  proprietors 

61 

Nonfarm  proprietors 

Thousand 

1977 

umber 

dollars  ^ 

1,073 

14,500 

2,698 

32,444 

14,524 

253,982 

13,840 

243,636 

49,945 

695,674 

175,497 

1,245,586 

13,778 

141,970 

8,483 

99,120 

15,425 

220,525 

10,282 

118,474 

14,768 

94,653 

38,381 

313,541 

5,841 

67900 

6,016 

38,191 

1,166 

5,309 

47189 

109,449 

34,508 

468244 

11,261 

79,372 

29,709 

119,965 

13,026 

320,180 

37517 

540,421 

86,048 

648,044 

194,422 

1,667097 

44,967 
86,731 


122,545 
649,448 


Total 


1,478,964         14,453,207 


^  Source  of  data  for  this  table  for  Nprth  Carolina,  other  States  of  the  South,  and  the  United  States: 
unpublished  data,  U.S.  Department  of  Commerce,  Regional  Economics  Measurements  Division, 
Regional  Economic  Information  System  (REIS),  Washington,  DC,  1982.  Unpublished  data  used  by  the 
U.S.  Department  of  Commerce  in  preparing  their  County  Business  Patterns  (CBP)  series  on  employment 
and  payroll  were  used  to  differentiate  wood-related  from  nonwood-related  employment  and  earnings.  For 
example,  CBP  data  were  used  to  separate  mobile  homes  (no.  19)  from  the  lumber  and  wood  prod- 
ucts (no.  18).  V\/ood  furniture  (no.  20)  was  similarly  separated  from  other  furniture  and  fixtures  (no. 
21).  Employment  estimates  for  industry  3  (coal  mining)  were  withheld  to  avoid  disclosing  data  for  in- 
dividual companies. 

^  The  Personal  Consumption  Expenditures  (PCE)  deflator,  1977  =  100,  was  used  to  deflate  actual 
dollars. 

^  The  forest  products  industry  is  comprised  of  (1)  lumber  and  wood  products  (SIC  24),  except  mobile 
homes  (SIC  2451);  and  (2)  wood  furniture  manufacturing  (SIC  2511,  2512,  2517,  2521,  and  2541)  and 
paper  and  allied  products  (SIC  26). 


^  Included  with  fabricated  metals  and  other  related  industries. 
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Table  2--Depenclency  indexes  for  South  Carolina,  1980 

(In  percent) 


Employment 

South 
Carolina 

South 

United 

excess 

Dependenc 

Industry 

Carolina 

States 

employment^ 

index-?/ 

Agriculture 

2.11 

1.46 

0.65 

2.86 

Agricultural  services, 

-1 

forestry,  and  fisheries 

0.54 

0.62 

- 

Farm  proprietors 

3.63 

3.03 

.60 

2.67 

Coal  mining 

0 

.27 

~ 

-- 

Oil  and  gas  extraction 

0 

.60 

~ 

-- 

Metal  mining 

0 

.11 

~ 

-- 

Nonmetaliic  minerals 

.15 

.14 

.02 

.07 

Construction 

5.96 

4.74 

1.21 

5.35 

Food  and  kindred  products 

1.17 

1.87 

- 

-- 

Tobacco 

.04 

.07 

~ 

- 

Textile  mill  production 

11.12 

.93 

10.18 

44.98 

Apparel  and  other  textiles 

3.76 

1.39 

2.37 

10.49 

Paper  and  allied  products 

1.15 

.76 

.39 

1.73 

Printing  and  publishing 

.60 

1.37 

-- 

-- 

Chemical  and  allied  products 

2.67 

1.22 

1.45 

6.40 

Petroleum  refining 

.03 

.22 

- 

-- 

Rubber  and  miscellaneous 

plastics 

1.43 

.80 

.64 

2.81 

Leather  and  leather  products 

.01 

.26 

~ 

-- 

Lumber  and  wood  products, 

except  mobile  homes 

1.18 

.71 

.47 

2.08 

Mobile  homes 

.01 

.05 

- 

-- 

Wood  furniture 

.33 

.32 

.01 

.04 

Other  furniture  and  fixtures 

.06 

.19 

- 

~ 

Stone,  clay,  and  glass  products 

.89 

.73 

.16 

.69 

Primary  metals 

.61 

1.26 

- 

- 

Fabricated  metals 

1.16 

1.77 

~ 

- 

Machinery,  excluding  electrical 

2.56 

2.73 

- 

- 

Electrical  machinery 

1.77 

2.31 

- 

-- 

Transportation  equipment 

except  motor  vehicles 

.20 

1.21 

- 

-- 

Motor  vehicles 

.11 

.87 

- 

-- 

Ordnance 

0 

0 

0 

0 

Instruments  and  related 

equipment 

.48 

.77 

~ 

- 

Miscellaneous  equipment 

.39 

.47 

- 

- 

Railroad  transportation 

.33 

.58 

- 

- 

Trucking  and  warehousing 

1.19 

1.40 

- 

~ 

Local  transit 

.08 

.29 

~ 

-■ 

Air  transportation 

.09 

.50 

- 

- 

Pipeline  transportation 

0 

.02 

~ 

- 

Transportation  services 

.09 

.22 

- 

- 

Water  transportation 

.22 

.23 

- 

- 

Communications 

1.17 

1.48 

- 

-  • 

Electrical,  gas,  and 

sanitation  services 

1.12 

.90 

.22 

.95- 

Wholesale  trade 

4.04 

5.79 

— 

"■ 
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See  footnotes  at  end  of  table. 


Table  2-Dependency  indexes  for  South  Carolina,  1980  (continued) 

(In  percent) 


Industry 


Employment 

South 

Carolina 

South 

United 

excess 

Carolina 

States 

employment^ 

14.18 

16.50 

1.11 

1.72 

~ 

.69 

.99 

- 

1.25 

1.89 

- 

.83 

1.16 

-- 

1.19 

1.20 

-- 

3.10 

4.69 



.47 

.63 

- 

.49 

.84 

-- 

.09 

.24 

-- 

2.79 

5.71 

- 

.91 

1.47 

- 

2.40 

3.01 

~ 

1.05 

1.63 

-- 

3.03 

3.27 

- 

6.95 

2.68 

4.27 

7.01 

766 

-- 

Dependency 
index^ 


Retail  trade 

Banking 

Other  credit  agencies 

Insurance 

Real  estate  and  combinations 

Hotel  and  other  lodging 

Personal,  miscellaneous 

business,  and  repair  services 
Auto  repair  service 
Amusement 
Motion  pictures 
Medical  and  other  health 
Private  education 
Nonprofit  organizations 
Miscellaneous  services 
Federal  civilian 
Federal  military 
Nonfarm  proprietors 

Total^ 


18.88 


100.00 


100.00 


22.64 


100.00 


^  U.S.  employment  minus  South  Carolina  employment.  Figures  may  not  be  exactly  equal  to  South 
Carolina  minus  U.S.  because  of  rounding.  Dashes  signify  no  excess  employment. 

^  Individual  industry  excess  employment  expressed  as  a  percentage  of  South  Carolina's  total  excess 
employment  (sum  of  column  4). 

^  Sum  of  parts  may  not  equal  totals  because  of  rounding. 

Table  3--Value  added,  hours  worked,  payroll,  and  capital  productivity,  ^/ South 
Carolina  forest  products  industry,  1977?/ 


Productivity 

Value 

Hours 

change. 

Industry 

added 

Payroll 

worked 

Productivity 

1972-77 

$  Million  -  -  - 

Million 

$VAMP  per  hour 

Percent 

Lumber  and 

wood  products 

288.8 

122.9 

23.0 

721 

3762 

Wood  furniture 

53,8 

272 

5.8 

4.59 

0.44 

Paper  and 

allied  products 

463.5 

180,2 

193 

14.68 

23.65 

^  Productivity  equals  value  added  minus  payroll  (VAt\/IP).  divided  by  hours  w/orked.  For  a  discussion  of 
VAMP,  see  W.  Charles  Sawyer  and  Joseph  A,  Ziegler,  1980,  "The  use  of  VAMP  shift  as  a  predictive 
model."  Unpublished  paper  presented  at  the  annual  meeting  of  the  Western  Regional  Science  Associa- 
tion, Monterey,  California. 

^  Source:  U.S.  Bureau  of  the  Census,  Census  of  Manufacturing,  for  1972  and  1977,  South  Carolina  and 
the  United  States,  available  in  1976  and  1980,  respectively.  In  the  few  instances  where  data  were  not 
available  for  some  subindustry  sectors,  the  distribution  of  the  number  of  establishments  was  used  to 
estimate  nondisclosures. 
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Appendix  2 

South  Carolina  Counties 

by  Substate  Planning  — 

and  Development  ^ 

Districts 


District 
code 


Counties 


Anderson,  Cherol<ee,  Greenville,  Oconee,  Pickens,  Spartanburg 

2  Abbeville,  Edgefield,  Greenwood,  Laurens,  McCormick,  Saluda 

3  Chester,  Lancaster,  Union,  York 

4  Fairfield,  Lexington,  Newberry,  Richland 

5  Aiken,  Allendale,  Bamberg,  Barnwell,  Calhoun,  Orangeburg 

6  Clarendon,  Kershaw,  Lee,  Sumter 

7  Chesterfield,  Darlington,  Dillon,  Florence,  Marion,  Marlboro 

8  Georgetown,  Horry,  Williamsburg 

9  Berkeley,  Charleston,  Dorchester 

10  Beaufort,  Colleton,  Hampton,  Jasper 
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Maki,  Wilbur  R.;  Schallau,  Con  H;  Foster,  Bennett  B.;  Redmond,  Clair  H. 

South  Carolina's  forest  products  industry:  performance  and  contribution  to 
the  State's  economy,  1970  to  1980  Res.  Pap.  PNW-351.  Portland,  OR:  US. 
Department  of  Agriculture,  Forest  Service,  Pacific  Northwest  Research 
Station:  1986.  22  p. 

Employment  and  earnings  in  South  Carolina's  forest  products  industry,  like 
those  of  most  Southern  States,  grew  significantly  between  1970  and  1980.  The 
forest  products  industry  accounted  for  a  larger  share  of  the  State's  economic 
base  in  1980  than  in  1970.  (Moreover,  during  this  period,  the  State  increased 
its  share  of  the  Nation's  forest  products  industry  employment  and  earnings. 
Pulp  and  allied  products  had  the  highest  productivity,  but  lumber  and  wood 
products  experienced  the  largest  increase  in  productivity  between  1972  and 
1977. 

Keywords:  Forest  products  industries,  economics  (forest  products  industries), 
South  Carolina. 


The  Forest  Service  of  the  U.S.  Department  of 
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use  management  of  the  Nation's  forest  resources 
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Ernst,  Susan;  Plank,  Marlin  E.;  Fahey,  Donald  J.  Sitka  spruce  and  western  hemlock 
beach  logs  in  southeast  Alaska:  suitability  for  lunnber,  pulp,  and  energy.  Res.  Pap. 
PNW-352.  Portland,  OR:  U.S.  Department  of  Agriculture,  Forest  Service,  Pacific 
Northwest  Research  Station;  1986.  25  p. 

The  suitability  of  western  hemlock  {Tsuga  heterophylla  (Raf.)  Sarg.)  and  Sitka 
spruce  {Picea  sitchensis  (Bong.)  Cam)  beach  logs  in  southeast  Alaska  for  lumber, 
pulp,  and  energy  was  determined.  Logs  were  sawn  at  a  cant  mill  in  southeast 
Alaska  and  at  a  dimension  mill  in  northern  Washington.  Volume  and  value  recovery 
was  compared  among  samples  of  live,  recent  dead,  and  older  dead  classes  of 
logs.  The  live  and  recent  dead  samples  produced  about  the  same  quantity  and 
quality  of  lumber  The  older  dead  sample  produced  less  volume  and  lower  quality 
lumber.  There  were  no  difficulties  in  pulping  or  gasification  of  the  beach  logs,  but  a 
higher  salt  content  may  cause  problems  with  boiler  corrosion  and  stack  emissions. 

Keywords:  Wood  utilization,  beach  logs,  western  hemlock,  Sitka  spruce,  southeast 
Alaska. 

The  lack  of  information  about  the  product  potential  of  beach  logs  in  southeast 
Alaska  is  a  major  obstacle  to  their  efficient  utilization.  This  paper  provides  informa- 
tion about  the  suitability  of  western  hemlock  {Tsuga  heterophylla  (Raf.)  Sarg.)  and 
Sitka  spruce  {Picea  sitchensis  (Bong.)  Cam)  beach  logs  for  lumber,  pulp,  and 
energy.  A  lumber  recovery  study  was  conducted  in  1982  by  the  Timber  Quality 
Research  unit  (Forestry  Sciences  Laboratory,  Portland,  Oregon)  in  cooperation  with 
Region  10  of  the  USDA  Forest  Service  and  with  the  State  of  Alaska.  Samples  of 
chips  were  provided  to  the  Forest  Products  Laboratory  for  analysis  of  pulping 
characteristics,  and  to  the  University  of  California  at  Davis  for  gasification  analysis. 
The  University  of  Washington  obtained  samples  for  salt  content  and  calorimeter 
analysis  from  the  same  beaches  that  were  sampled  in  the  lumber  recovery  study. 
Although  the  energy  analyses  have  already  been  published  (Lamorey  and  Goss 
1983,  Smith  and  Woodfin  1984),  they  are  summarized  here  to  show  the  entire 
range  of  uses  for  beach  logs. 

Logs  were  sawn  at  a  cant  mill  in  southeast  Alaska  and  a  dimension  mill  in  north- 
ern Washington.  Volume  and  value  recovery  was  compared  among  live,  recent 
dead,  and  older  dead  samples.  Volume  recovery  was  about  the  same  for  the  live 
and  the  recent  dead  samples.  Less  volume  was  recovered  from  the  older  dead 
logs  because  they  were  more  defective. 

Average  lumber  value  was  the  same  for  all  samples  for  each  species  at  the  cant 
mill.  At  the  dimension  mill,  the  average  value  was  the  same  for  only  the  live  and 
recent  dead  samples.  The  average  lumber  value  of  the  older  dead  was  lower 
because  of  heart  decay  and  checks. 


Throughout  the  sawing  at  the  cant  mill,  samples  were  taken  of  the  chips  produced 
from  the  slabs,  edgings,  and  trim  ends.  These  samples  were  then  analyzed  to  test 
their  suitability  for  sulfite  and  kraft  pulp.  The  results  showed  that  the  chips  from 
spruce  beach  logs  had  pulping  characteristics  similar  to  the  live  material.  This  was 
also  true  for  the  kraft  pulping  of  hemlock;  however,  the  sulfite  pulping  did  require  a 
longer  cooking  schedule  for  the  beach  log  sample  than  for  the  live  sample. 
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Terminology  and 
Abbreviations 


Cubic  recovery  percent  (CR%)  the  cubic  feet  of  lumber  produced  from  a  cubic 
foot  of  log  input.  Log  volume  can  be  expressed  as  a  percentage  of  the  gross,  net  n 
(firmwood),  or  product  (merchantable)  cubic  scale.  In  this  paper  the  CR%  is  based* 
on  product  cubic  scale. 

Overrun  (OR)  the  board  feet  of  lumber  produced  which  is  greater  than  the  net 
board  feet  of  the  log,  expressed  as  a  percentage  of  the  net  board  feet  of  the  log.  j 
Although  overrun  has  traditionally  (and  in  this  paper)  been  expressed  as  a  percent! 
age  of  net  Scribner  scale,  it  can  also  be  expressed  as  a  percentage  of  gross 
Scribner  scale. 

Dollars  per  thousand  board  feet  of  lumber  tally  ($/MLT)  the  average  value  of  th' 
lumber  produced,  based  on  the  lumber  produced  and  the  pricing  structure  used  ill 
this  paper. 

Dollars  per  hundred  cubic  feet  of  log  scale  ($/CCF)  the  total  value  of  the  lumbe 
produced  from  a  log  divided  by  the  cubic  scale  of  the  log.  Cubic  scale  volume  mi 
be  gross,  net  (firmwood),  or  product  (merchantable).  In  this  paper  the  $/CCF  is 
based  on  product  cubic  scale. 

kPa  kilopascal 

mPa»s  millipascal  second 

kPa»m2/g  kilopascal  square  meter  per  gram 

mN»m2/g  millinewton  square  meter  per  gram 

N»m/g  newton  meter  per  gram 

kg/m3  kilogram  per  cubic  meter 

R2  coefficient  of  determination 

MSE  mean  square  error 


The  beaches  of  southeast  Alaska  are  covered  with  extensive  amounts  of  wood 
residues  (fig.  1).  Logs  and  broken  pieces,  originating  from  log  rafts,  boom  sticks, 
blown  down  timber,  and  docks,  have  accumulated  over  many  years.  They  are  a 
hazard  to  navigation  and  have  also  been  described  as  unsightly,  but  they  may  be 
an  additional  source  of  wood  fiber  for  solid  wood  products,  pulp,  and  energy  uses. 


Figure  1.— Typical  logs  on  beaches  in  southeast  Alaska. 

Several  attempts  have  been  made  to  estimate  the  magnitude  of  the  beach  log 
resource.  Estimates  of  volume  range  from  2,600  cubic  feet  per  mile  (Davis  1976)  to 
16,000  cubic  feet  per  mile  (USDA  Forest  Service  1982).  The  techniques  used  varied 
from  a  general  aerial  survey  of  hundreds  of  miles  of  coastline^  to  a  very  detailed 
intensive  ground  survey  of  33  miles  of  beach  (Davis  1976).  Estimates  of  the  volume 
by  species  also  vary  because  of  both  the  difficulty  in  determining  species  and  the 
different  locations  of  the  samples.  What  can  be  agreed  on  is  that  most  of  the  ma- 
terial is  on  the  beaches  along  the  main  transportation  routes  between  the  woods 
and  the  mills,  and  the  majority  of  the  volume  is  on  the  shores  exposed  to  prevail- 
ing winds  and  currents.  Very  little  material  is  found  on  the  beaches  exposed  to  the 
open  ocean  and  the  beaches  north  of  Lynn  Canal. 

Along  with  the  difficulty  of  developing  a  reliable  inventory,  several  other  problems 
have  to  be  addressed  if  the  beach  log  material  is  to  be  used:  (1)  the  difficulty  of 
logging  the  beaches  and  transporting  the  material  to  users;  (2)  the  adverse  reputa- 
tion of  beach  logs  because  of  salt  content  and  imbedded  rocks  and  iron;  (3)  the 
reluctance  of  buyers  to  purchase  products  cut  from  beach  logs,  and  a  preference 
for  and  the  availability  of  green  timber;  (4)  the  lack  of  knowledge  about  the  amount 
and  quality  of  lumber  and  cants  that  can  be  produced  from  beach  logs;  and  (5)  the 
lack  of  information  for  alternative  uses  such  as  pulp  and  energy. 


i'  Letters  on  file  (99-03  Beach  Log  Recovery  Study  correspond- 
ence) Timber  Quality  Research  unit.  Forestry  Sciences  Labora- 
tory, P.O.  Box  3890,  Portland,  OR  97208. 


Lumber 


A  lumber  recovery  study  was  conducted  in  1982  by  the  Timber  Quality  Research 
unit  (Forestry  Sciences  Laboratory,  Portland,  Oregon)  in  cooperation  with  Region  10 
of  the  USDA  Forest  Service  and  with  the  State  of  Alaska.  This  study  provides  infor- 
mation about  recovery  of  volume  and  value  for  dimension  lumber  and  cants  sawn 
from  beach  logs.  In  addition,  samples  of  chips  were  provided  to  the  Forest  Prod- 
ucts Laboratory  (Madison,  Wisconsin)  for  analysis  of  pulping  characteristics,  and  to 
the  University  of  California  at  Davis  for  gasification  analysis.  The  University  of 
Washington  obtained  samples  for  salt  content  and  calorimeter  analysis  from  the 
same  beaches  that  were  sampled  in  the  lumber  recovery  study.  Although  the 
energy  analyses  have  already  been  published  (Lamorey  and  Goss  1983,  Smith  and 
Woodfin  1984),  they  are  summarized  here  to  show  the  entire  range  of  uses  for 
beach  logs. 

Our  objectives  for  lumber  were  to  estimate  the  volume  and  value  recovery  of  the 
lumber  and  cants  that  can  be  produced  from  western  hemlock  (Tsuga  heterophylla 
(Raf.)  Sarg.)  and  Sitka  spruce  (Picea  sitchensis  (Bong.)  Carr)  beach  logs;  to  com- 
pare recovery  among  two  classes  of  beach  logs  and  a  live  control  sample;  and  to 
contrast  recovery  between  two  sawmills,  a  cant  mill  and  a  dimension  mill. 


Methods 


Sample.— Although  logs  are  scattered  on  the  beaches  from  Dixon  Entrance  to 
Lynn  Canal  along  the  main  transportation  routes  in  southeast  Alaska,  our  sample 
areas  were  limited  to  the  beaches  adjacent  to  the  Wrangell-Petersburg  area.  This 
area  was  chosen  after  an  aerial  survey  of  a  variety  of  beach  types  (sandy  vs. 
rocky)  and  geographic  locations  (north  vs.  south)  showed  little  difference  in  the  size 
and  species  of  wood  on  the  beaches.  The  logs  were  selected  from  five  locations 
(fig.  2).  The  sample  was  stratified  by  species,  diameter,  and  deterioration  class 
(table  1).  Only  western  hemlock  and  Sitka  spruce  logs  were  sampled.  The 
diameters  ranged  from  7  to  27 -i-  inches;  minimum  log  length  was  20  feet.  The  logs 
were  separated  into  recent  and  older  dead  classes.  These  classes  are  subjective 
but  the  recent  dead  were  brown,  appeared  to  be  fresher  logs,  and  were  closer  to 
the  water;  whereas  the  older  dead  were  gray,  were  higher  on  the  beach,  had  little  j| 
or  no  sapwood  left,  or  contained  sap  rot  (fig.  3).  A  control  sample  of  logs  from  livej 
trees  for  each  species  was  also  chosen  to  match  the  diameter  distribution  of  the  | 
beach  log  sample.  The  control  sample  of  hemlock  logs  for  the  cant  mill  was 
selected  from  logs  in  that  mill  yard.  Because  the  cant  mill  had  no  live  spruce  logs^ 
and  only  a  limited  supply  of  hemlock  logs,  the  remainder  of  the  control  samples    •' 
were  selected  from  log  decks  in  a  mill  yard  in  Wrangell,  Alaska. 


Dixon 
Entrance 


Figure  2— Approximate  locations  of  the  sample  areas. 


Table  1— Number  of  sample  logs  by  diameter  and  species  for  each  deteriora' 
tion  class  of  beach  logs  in  southeast  Alaska 


Sitka  spruce 

Western  hemlock 

Recent 

Older 

Recent             01 

Diameter 

Live 

dead 

dead 

Live 

dead              dec 

Inches 

CANT  MILL 

n-12 

4 

6 

4 

4 

7                    i 

13-14 

5 

2 

3 

6 

12                  ; 

15-16 

6 

2 

1 

5 

11                     ! 

17-18 

6 

9 

2 

8 

7 

19-20 

3 

2 

3 

4 

9                    'c 

21-22 

4 

2 

3 

4 

4                    c 

23-24 

5 

4 

3 

6 

5                    J 

25-26 

2 

2 

4 

3 

3              ; 

27+ 

4 

3 

3 

3 

1               1 

Total 

39 

32 

2o 

41 

59                   3f 

DIMENSION  MILL 

7-8 

3 

1 





7              ; 

9-10 

5 

1 

1 

11 

6                     ! 

11-12 

6 

2 

1 

3 

13                   11 

13-14 

3 

5 

3 

5 

18                     ! 

15-16 

7 

1 

6 

6 

20                    1 

17-18 

3 

2 

4 

6 

7 

19-20 

3 

1 

4 

4 

8 

21-22 

9 

1 

5 

3 

8 

23-24 

3 

1 

7 

6 

6 

25-26 

5 

4 

1 

5 

5 

27+ 

2 

-- 

2 

1 

2 

Total 

49 

19 

34 

49 

lUO                   5 

Figure  3— Older  dead  beach  log  with  sap  rot  and  weather 
checks. 


Scaling.— After  the  beach  logs  were  salvaged,  all  the  logs  were  rolled  out  and 
scaled  by  both  Scribner  (USDA  Forest  Service  1973)  and  cubic  rules  (USDA  Forest 
Service  1978).  Each  log  was  tagged  to  maintain  its  identity  throughout  scaling  and 
processing.  Shake,  dry  rot,  and  checks  were  the  most  common  defects  for  all 
classes  of  logs.  Shake  occurred  mainly  in  the  live  hemlock  samples.  The  absence 
of  shake  from  the  beach  log  samples  may  be  attributed  to  the  fact  that  shake  is 
highly  correlated  to  the  presence  of  wetwood  (Ward  and  Pong  1980),  and  logs  with 
wetwood  tend  to  sink  so  they  do  not  reach  the  beach. 

Milling.— The  major  wood  product  in  Alaska  is  cants  for  export.  An  alternative  prod- 
uct is  dimension  lumber  for  domestic  use.  Therefore,  two  mills  were  used  to  proc- 
ess our  sample  of  beach  logs;  a  dimension  mill.  Seaboard  Lumber  Company  in 
Seattle,  Washington,  and  a  cant  mill,  Mitkof  Lumber  Company  in  Petersburg, 
Alaska.  The  dimension  mill  had  a  single-cut,  slant-band  headrig,  a  horizontal 
resaw,  a  sash  gang  saw,  an  optimizing  edger,  a  single  arbor  edger,  a  trim  saw,  and 
a  single  cut  vertical  resaw.  The  dimension  mill  sawed  logs  from  7  to  27 -i-  inches  in 
diameter  into  1-  and  2-inch  lumber  that  was  then  kiln  dried.  The  cant  mill  had  a  cir- 
cular headrig,  an  edger,  and  a  trimsaw;  it  sawed  logs  from  11  to  27 -t-  inches  in 
diameter  into  4-,  6-,  and  8-inch-thick  cants. 


All  dimension  lumber  in  both  mills  was  graded  by  a  West  Coast  Lumber  Inspection 
Bureau  grade  inspector  according  to  West  Coast  Lumber  Inspection  Bureau  (1970) 
grading  rules.  The  cant  grades  are  export  grade  specifications  which  are  contrac- 
tually agreed  on  by  the  mill  owners  and  the  buyers  from  Japan  (appendix  1).  Four 
lumber  grades  for  each  species  were  used  at  the  cant  mill:  F,  S,  O,  and  Light 
Framing  for  spruce;  No.  1,  No.  2,  Regular  B,  and  Light  Framing  for  hemlock.  All 
the  dimension  grades  were  grouped  together  into  Light  Framing  because  they  are 
a  small  part  of  the  normal  production. 


The  lumber  at  the  dimension  mill  was  grouped  into  four  grades:  Clear,  Standard 
and  Better,  Utility,  and  Economy.  The  Clear  includes  B,  C,  and  D  Clear,  and  the 
Standard  and  Better  includes  Select  Structural,  Construction,  and  Standard  gradi 

Analysis  Recovery  of  both  the  volume  and  the  value  of  products  was  analyzed  for  each  rr 

The  analysis  includes  the  two  mills,  the  two  species,  two  deterioration  class 
samples,  and  a  control  sample. 

Volume.— Two  dependent  variables  have  been  used  for  evaluating  recovery  of 
lumber  volume:  cubic  recovery  percent  (CR%)  and  overrun  (OR).  Cubic  recovery 
percent  has  the  advantage  of  being  more  consistent  because  it  is  based  on  cubi 
volume  measurements  for  both  lumber  and  logs.  Overrun  relates  the  volume  of 
lumber  produced  to  the  net  Scribner  scale  which  is  used  as  the  marketing  unit  fi 
logs.  Both  of  these  variables  were  regressed  against  small-end  diameter  (D)  and 
transformations  of  D  to  find  the  equation  that  best  fit  the  data.  The  models  teste( 
were: 

y  =  bo  +  bi  X, 

y  =  bo  +  bi  X  +  b2  1/x, 

y  =  bo  +  bi  X  +  b2  1/x  +  ba  1/x2. 

Coefficient  of  determination  (R2)  and  mean  square  error  (MSE)  were  used  as 
criteria  of  goodness  of  fit.  Covariance  analysis  was  used  to  test  for  differences  ii 
regression  equations  among  the  older  dead,  recent  dead,  and  live  log  samples ' 
each  species;  analysis  of  variance  and  Tukey's  test  (Draper  and  Smith  1981)  wei 
used  to  test  for  differences  among  means  when  the  dependent  variables  were  r 
related  to  diameter.  A  P<0.05  level  of  significance  was  used  in  all  statistical  tes'i 

Value. — Two  dependent  variables  were  used  to  evaluate  recovery  of  value:  dollai 
per  thousand  board  feet  of  lumber  tally  ($/MLT)  and  dollars  per  hundred  cubic  i  ^ 
of  log  scale  ($/CCF).  Dollars  per  thousand  lumber  tally  reflects  only  the  value  on 
the  lumber  produced,  whereas  $/CCF  includes  both  scaled  defect  and  recovery^* 
volume  along  with  lumber  value.  The  same  models  and  criteria  of  evaluation  wff 
used  for  analyzing  both  volume  and  value. 

Volume  by  grade.— The  $/MLT  is  directly  related  to  the  volume  of  lumber  prodi ' 
in  each  lumber  grade.  Because  of  this,  the  prediction  equations  for  the  volume 
each  of  the  lumber  grades  were  developed  for  the  species  and  deterioration  cl  i 
combinations  determined  in  the  analysis  of  $/MLT.  The  models  tested  and  crite  ii 
of  evaluation  used  are  the  same  as  those  used  for  volume  and  value  analysis. 


esults  and  Discussion 


Volume.— Neither  CR%  nor  OR  had  a  significant  relationship  with  diameter  for  the 
cant  mill.  Analysis  of  variance  and  Tukey's  test  were  used  to  compare  the  means 
among  the  samples  of  older  dead,  recent  dead,  and  live  logs.  All  possible  com- 
binations of  samples  were  tested  for  CR%.  The  live  and  recent  dead  samples  were 
not  significantly  different,  but  they  were  significantly  different  from  the  older  dead 
sample.  This  was  true  for  both  hemlock  and  spruce  (table  2).  These  differences  ex- 
ist in  CR%  because  of  market  conditions  that  make  it  more  profitable  to  chip  off- 
color  (grayish— the  color  of  weathered  logs)  material  from  the  older  dead  sample. 


Table  2 — Overrun  and  cubic  recovery  percent  with  95-percent  confidence  inter- 
vals for  the  cant  mill,  by  species  and  deterioration  class  for  the  beach  logs 
from  southeast  Alaska 


Species  and 

CuDic 

9o-percent 

95-percent 

deterioration 

recovery 

confidence 

confidence 

class 

percent 

interval 

Overrun 

interval 

Percent 

Sitka  spruce: 

Live  and 

recent  dead 

68 

8 

y  48 

\J  20 

Older  dead 

57 

7 

Western  nemlock: 

Live 

2/  60 

2  /  6 

16 

14 

Recent  dead 

33 

18 

Older  dead 

41 

9 

-9 

25 

y  All    spruce  combined. 

2/  Live  and  recent  dead  combined. 


Tests  of  the  means  for  OR  for  the  cant  mill  showed  no  difference  among  any  of  the 
classes  of  spruce,  but  significant  differences  among  all  the  hemlock  classes.  The 
differences  among  hemlock  are  due  to  the  amount  of  defect  and  the  market  condi- 
tions. The  older  dead  sample  of  hemlock  was  more  defective  and  off  color  than  the 
recent  dead  and  live  samptes.  Because  hemlock  cants  are  worth  considerably  less 
than  spruce  cants,  a  correspondingly  large  amount  of  the  poorer  quality  hemlock 
was  chipped. 


Table  3— Cubic  recovery  percent  with  95-percent  con- 
fidence interval  for  the  dimension  mill,  by  species  and 
deterioration  class  for  the  beach  logs  from  southeast 
Alaska 


Species  and 

Cubic 

95-percent 

deterioration 

recovery 

confidence 

class 

percent 

interval 

Western  hemlock: 

Live  and  recent 

dead 

52 

3 

Older  dead 

53 

3 

Sitka  spruce  1/ 

61 

4 

]J  All    spruce  logs  d^re  combined. 

Cubic  recovery  percent  for  the  dimension  mill  had  no  significant  relationship  wit 
diameter  for  either  the  hemlock  or  the  spruce  logs.  Comparison  of  the  mean  CF 
(table  3)  for  each  of  the  samples  showed  no  significant  difference  for  any  of  the 
spruce  logs.  The  hemlock  live  and  recent  dead  samples  showed  no  difference,  I 
they  were  significantly  different  from  the  older  dead  sample. 

Overrun  did  have  a  significant  relationship  with  diameter  for  both  species  for  th€ 
dimension  mill.  Covariance  analysis  showed  no  difference  between  the  hemlock 
samples  (fig.  4).  The  spruce  live  and  recent  dead  samples  were  not  significantly 
different,  but  the  combined  live  and  recent  dead  samples  were  different  from  thf 
older  dead  sample.  The  OR  curve  for  the  older  dead  spruce  logs  is  higher  than 
the  curve  for  the  combined  live  and  recent  dead  logs  because  of  excessive  seal 
deductions  for  defect  in  the  older  dead  sample. 

Value.— The  analysis  of  value  for  both  the  hemlock  and  the  spruce  samples  at  t 
cant  mill  showed  significant  relationships  between  $/MLT  and  diameter  Covariar 
analysis  of  the  regression  lines  for  the  deterioration  classes  showed  no  statistics 
differences  among  them;  therefore,  all  classes  were  combined  into  one  regressit 
line  for  each  species.  The  regression  lines  for  the  spruce  logs  are  higher  than  tl 
line  for  the  hemlock  logs  (fig.  5)  because  of  the  higher  price  for  the  F  grade  of 
spruce  cants  (appendix  2).  The  spruce  regression  line  increases  linearly  with 
diameter  because  the  proportion  of  the  highest  grade  cants  continues  to  increas 
whereas  the  hemlock  regression  line  levels  off  as  production  of  the  highest  grac 
of  hemlock  cants  levels  off. 
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Figure  4— Overrun  curves  (solid  lines)  and  95-percent  con- 
fidence intervals  (dashed  lines)  for  hemlock  and  spruce  logs 
processed  at  the  dimension  mill. 

A.  All  the  hemlock  logs  were  combined  to  estimate  this  overrun 
curve.  It  has  a  fairly  tight  band  of  confidence  except  at  the  ex- 
treme ends  of  the  data. 

OR  =  -134.1    +  2.2  (D)  +  4638.'l  (1/D)  -  17094.6  (l/D^); 
R2  =  0.186;  fVlSE  =  76.9. 

B.  The  live  and  recent  dead  samples  of  spruce  were  combined 
for  this  curve.  The  band  of  confidence  is  similar  to  the  one 
about  the  hemlock  curve. 

OR   =   118.5-4.9(0)   -t-   1701.1  (1/D)  -  8617.8  (1/D2); 
R2  =  0.386;  MSE   =  49.0. 

C.  This  overrun  curve  is  for  the  older  dead  sample  of  spruce 
The  band  of  confidence  is  much  larger  than  those  for  the  rest  of 
the  samples  because  of  the  small  sample  size  and  the  great 
variation  in  defect. 

OR  =  2992.1  -  54.5  (D)  -  48933  (1/D)   +  279989  (l/D^); 
R2  =  0.486;  MSE  =  81.1. 
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Figure  5— Dollars  per  thousand  board  feet  of  lumber  tally  by 
diameter  for  spruce  and  hiemlock  logs  at  tfie  cant  mill. 

A.  Thie  spruce  logs  were  combined  to  estimate  this  curve,  which 
is  steeper  for  the  spruce  than  the  curve  for  the  hemlock 
because  of  the  pricing  structure  for  the  spruce. 

$/MLT  =  82.9  +   10.6  (D); 
r2  =  0.56;  MSE   =  54.8. 

B.  The  hemlock  logs  were  combined  to  estimate  this  curve. 
$/MLT  =  856.4  -  10.99  (D)  -  8593.9  (1/D)  +  22587.5  (1/D2); 
R2  =  0.42;  IVISE  =  42.3. 

Only  the  spruce  logs  had  a  significant  relationship  between  $/CCF  and  diameter 
(fig.  6).  Covariance  tests  of  the  regression  lines  for  the  spruce  logs  and  Tukey's 
tests  of  the  averages  for  the  hemlock  logs  both  showed  no  significant  difference 
between  the  live  and  recent  dead  samples,  but  there  were  significant  differences 
when  the  live  sample  and  the  recent  dead  sample  were  combined  and  then  com- 
pared with  the  older  dead  sample  (table  4).  These  differences  are  a  result  of  the 
interaction  between  the  volume  recovery  and  the  value  of  the  lumber  Even  though 
the  average  value  ($/MLT)  was  the  same  for  all  classes  of  logs,  the  volume 
recovered  was  less  for  the  older  dead  logs;  therefore,  the  net  return  ($/CCF)  from 
the  lumber  is  less. 
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Figure  6. — Dollars  per  hundred  cubic  feet  of  log  scale  by 
diameter  for  samples  of  spruce  processed  at  the  cant  mill. 

A.  The  live  and  recent  dead  samples  of  spruce  logs  were  com- 
bined to  estimate  this  curve. 

$/CCF  =  -14.7  -1-11.9  (D); 
r2  =  0.49;  IVISE  =  66.6. 

B.  The  older  dead  sample  of  spruce  was  used  to  estimate  this 
curve.  The  confidence  intervals  are  much  larger  than  those  for 
the  live  and  recent  dead  logs  because  of  the  greater  percentage 
of  defect. 

$/CCF  =  2.12  -t-  9.0  (D); 
r2  =  0.36;  MSE   =  71.8. 

Table  4— Dollars  per  hundred  cubic  feet  of  log  vol- 
ume with  95-percent  confidence  interval  for  western 
hemlock  beach, logs  sawn  at  the  cant  mill  in  south- 
east Alaska,  by  deterioration  class  for  the  beach  logs 


Deterioration 
class 

Dollars 
per  hundred 
cuDic  feet 

95-percent 

confidence 

interval 

Live  and  recent  dead 
Older  dead 

151 
105 

18 
26 

11 


Table  5— Value  of  logs  and  lumber  with  95-percent  confidence  intervals  for  the 
dimension  mills  by  species  and  deterioration  class  for  the  beach  logs  from 
southeast  Alaska 


Species  and 

9b-percent 

95- 

■percent 

deterioration 

Log 

confidence 

Lumber 

cor 

ifidence 

class 

value 

interval 

value 

interval 

$/CCF 

$/MLT 

SitKa  spruce   1/ 

113 

9 

131 

6 

Western  hemlock: 

Live  and 

recent  dead 

122 

7 

143 

6 

Older  dead 

92 

8 

125 

5 

]_/  All    spruce  logs  are  combined. 

Neither  $/MLT  nor  $/CCF  had  a  significant  relationship  with  diameter  for  the  dimen- 
sion milL  Analysis  of  variance  and  Tukey's  test  shov\/ed  no  difference  for  either 
dependent  variable  for  the  spruce  samples  {table  5).  The  live  and  recent  dead 
samples  of  hemlock  were  not  different,  but  they  were  different  from  the  older  dead 
sample.  The  lower  value  of  the  older  dead  hemlock  logs  appeared  to  be  due  to 
heart  decay  and  checks.  These  defects  reduce  both  the  volume  and  value  of  the 
lumber  recovered. 

Volume  by  grade. — The  percentage  of  volume  by  lumber  grade  varies  by  log 
diameter  for  the  cant  mill  (fig.  7).  For  the  hemlock  logs,  the  percentage  of  volume 
graded  No.  1  increased  rapidly  from  12  to  20  inches  and  remained  relatively  con- 
stant in  the  larger  diameters.  The  percentage  of  volume  graded  No.  2  remained 
fairly  constant  over  the  entire  range  of  diameters.  Regular  B  was  produced  only 
from  logs  smaller  than  20  inches,  and  this  percentage  rapidly  decreased  from  10  to 
20  inches.  The  Light  Framing  was  mainly  a  byproduct,  averaging  about  11  percent. 
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Figure  7.— Cumulative  percentage  of  volume  by  lumber  grade 
for  western  hemlock  and  Sitka  spruce  logs  at  the  cant  mill.  The 
space  between  the  curves  represents  the  percentage  of  volume 
for  individual  lumber  grades. 

A.  Equations  for  the  cumulative  percentages  of  volume  by 
lumber  grade  of  the  hemlock  logs  are: 
Percentage  of  No.  1   =  254.0  -  3.49  (D) 
R2  =  0.40;  MSE   =  28.9. 
Percentage  of  No.  2  and  No.  1   =  294.8 
R2  =  0.27;  MSE  =  28.0. 

Percentage  of  Regular  B,  No.  2,  and  No.  1   =  55.9  +  .658  (D) 

+  357.8  (1/D); 
R2  =  0.02;  MSE  =  20.2. 

The  percentage  of  Regular  B,  No.  2,  and  No.  1  is  limited  to  logs 
from  10  to  19  inches  in  diameter. 

B.  Equations  for  the  cumulative  percentages  of  volume  by 
lumber  grade  of  the  spruce  logs  are: 

Percentage  of  F  =  -77.8  +  5.6  (D)  +   191.9  (1/D); 

R2  =  0.55;  MSE  =  25.5. 

Percentage  of  S  and  F  =  296.3  -  4  0  (D)  -  2517  (1/D); 

R2  =  0.54;  MSE  =  21.1. 

Percentage  of  O,  S,  and  F  =  117.65  -  .097  (D)  -  507.6  (1/D); 

R2  =  0.11;  MSE  =  23.0 

The  percentage  of  O,  S,  and  F  is  limited  to  logs  from  10  to  19 

inches  in  diameter. 
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For  the  spruce  logs,  the  percentage  of  volume  graded  F  was  nearly  zero  at  12 
Inches  and  increased  to  about  90  percent  at  30  inches.  The  percentage  of  volume 
graded  S  remained  constant  until  about  20  inches  and  then  slowly  decreased.  All 
the  volume  graded  O  and  most  of  the  Light  Framing  came  from  logs  smaller  than 
18  inches. 

At  the  dimension  mill  no  relationship  was  found  between  the  percentage  of  volume 
by  grade  and  diameter.  The  average  percentage  by  lumber  grade  is  given  in  table 
Approximately  68  percent  of  the  lumber  volume  from  the  spruce  and  combined 
live  and  recent  dead  hemlock  samples  was  graded  as  Standard  and  Better  plus 
Clear  Because  the  live  and  recent  dead  hemlock  had  twice  as  much  Clear  as  the 
spruce  had  (fig.  8A),  the  average  lumber  value  was  higher.  The  percentage  of  low 
grade  material  (fig.  8B)  for  hemlock  was  higher  for  the  older  dead  class  than  for 
the  other  classes  and  resulted  in  a  lower  average  value  for  the  older  dead 
hemlock.  M 

Table  6— Percent  of  volume  in  each  lumber  grade  with  95-percent  confidence 
intervals  (CI)  for  the  western  hemlock  and  Sitka  spruce  beach  logs  sawn  at 
the  dimension  mill 

Lumber  grades 

Species  and 

deterioration  Standard  and 

class  Clear   CI      Better    CI    Utility   CI   Economy   CI 


Percent 


Spruce  3.3    0.6       65.0     1.8     "i9.4    1.1    12.3    1.1 

Hemlock: 
Live  and 

recent  dead     7.6     .8       bU.5     1.5     20.9    1.1    11.0    .9 
Older  dead      3.8     .8       53,3    2.9    25.8    2.1    17.1    1.8 
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Figure  8. — Only  4  percent  of  the  lumber  produced  from  beach 
logs  was  Clear  (A)  and  15  percent  was  Economy  lumber  (B). 
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Summary  and 
Conclusions 


Cant  mill.— Volume  recovery  expressed  as  either  CR%  or  OR  had  no  correlation 
with  diameter  Average  CR%  and  OR  for  each  species  and  deterioration  class  are 
given  in  table  2.  Average  lumber  value  ($/MLT)  did  vary  with  diameter  (fig.  5). 
Average  log  value  ($/CCF)  for  spruce  showed  a  relationship  with  diameter  (fig.  6). 
Because  there  was  no  relationship  with  diameter  for  hemlock,  average  $/CCF  are 
given  in  table  4.  Values  are  higher  for  the  spruce  samples  because  of  the  differen 
prices  used  for  each  species  (appendix  2),  not  necessarily  because  of  higher  qual 
ty  lumber 


Dimension  mill.— Overrun  had  a  relationship  with  diameter  for  both  species 
(fig.  4).  Average  CR%  for  each  species  is  given  in  table  3.  Neither  $/MLT  nor 
$/CCF  had  a  correlation  with  diameter;  therefore,  average  values  are  given  in  tablf 
5.  In  contrast  to  the  cant  mill,  the  prices  used  for  the  dimension  mill  were  the 
same  for  both  species. 

In  general,  the  recent  dead  and  live  samples  for  both  species  produced  the  same 
quality  and  volume  of  lumber  at  each  mill.  Less  lumber  was  recovered  from  the 
older  dead  beach  logs  than  for  the  recent  dead  and  live  logs.  This  loss  may  be 
due  to  the  older  dead  logs  being  more  defective  or  having  a  greater  change  in  col 
or  Especially  in  an  export  market,  the  tendency  is  to  chip  off-color  material  rather 
than  to  manufacture  it  into  lumber  or  cants. 

Although  there  may  be  problems  with  harvesting  beach  logs  and  with  buyer 
acceptance,  we  found  no  adverse  effects  of  sand  and  imbedded  rocks.  With  some 
visual  inspection  boom  nails  can  be  avoided  or  eliminated.  Other  metal  was  no 
more  prevalent  than  would  be  found  in  standing  timber 


Pulp 


Our  objective  for  pulp  was  to  compare  a  selected  set  of  pulping  characteristics  of 
beach  logs  with  freshly  cut  softwoods  of  the  same  species  to  determine  whether 
beach  logs  were  suitable  for  the  manufacture  of  pulp. 


Methods 


Sample.— For  the  pulping  analyses  the  sample  was  separated  by  species  (hemloci' 
and  spruce)  and  origin  (beach  and  live  tree);  no  distinction  was  made  between  the 
deterioration  classes  of  the  beach  logs.  Throughout  the  2  days  of  sawing,  the  sam 
pie  was  collected  from  the  chips  produced  from  slabs,  edgings,  and  trim  ends  at 
the  cant  mill  in  Alaska.  Approximately  60  pounds  of  chips  from  samples  of  live  anc 
beach  logs  for  each  species  (240  pounds  total)  were  sent  to  the  Forest  Products 
Laboratory  in  Madison,  Wisconsin,  to  test  their  suitability  for  pulp. 


16 


Processing.— The  samples  were  screened  and  only  the  chips  between  1/4  and  3/4 
inch  were  used  for  sulfite  and  kraft  pulping  experiments.  The  pulping  experiments 
were  conducted  in  a  stationary  stainless  steel  digester  with  a  capacity  of  0.8  cubic 
foot.  Cooking  liquor  with  an  acid  bisulfite  magnesium  base  was  used  for  the  sulfite 
digestions.  The  conditions  held  constant  included  a  liquor-to-wood  ratio  of  4  to  1, 
total  sulfur  dioxide  of  8.4  percent,  a  digester  pressurized  with  nitrogen  gas  to  80 
Ib/in2,  and  a  3-1/4  hour  rise  to  maximum  temperature  of  148  °C.  For  the  two  cate- 
gories of  spruce  chips,  the  time  at  maximum  temperature  was  85  minutes.  For  the 
hemlock  control  sample  the  time  was  55  minutes,  and  for  the  hemlock  beach  log 
sample  the  time  was  75  minutes.  It  was  necessary  to  vary  the  time  at  maximum 
temperature  to  yield  screened  pulps  with  a  viscosity  of  75  millipascal  seconds. 

Before  they  were  bleached,  the  pulps  were  screened  and  cleaned  in  a  centrifuge. 
Pulp  yield  was  measured  before  and  after  screening.  The  yield  and  viscosity 
measurements  are  shown  in  table  7.  Bleaching  experiments  were  conducted  with 
0.25  lb  cleaned  samples  of  pulp  by  use  of  chlorination,  extraction,  two  stages  of 
hypochlorite,  and  one  stage  of  sulfur  dioxide  (table  8).  The  bleached  pulps  were 
sampled  for  viscosity  (table  8)  and  for  chemical  properties  (table  9). 


Table  7— Viscosity  and  yields  from  magnesium  base  bisulfite  pulping  of 
Sitka  spruce  and  western  hemlock  beach  logs  from  southeast  Alaska 


Time  at 

Yi( 

3ld  y 

Species 

and  origin 

148  °C 

Total 

Screened 

Viscosity 

Millipascal 

Minutes 

-  - 

Percent  -  -  - 

seconds 

Spruce: 

Control  — 

Sample  1 

85 

46.1 

41.3 

76.0 

Sample  2 

85 

46.8 

42.5 

76.5 

Beach-- 

Sample  1 

85 

46.5 

43.3 

74.0 

Sample  2 

85 

46.9 

43.8 

82.2 

Hemlock: 

Control -- 

Sample  1 

55 

48.5 

42.6 

76.6 

Sample  2 

55 

47.3 

43.6 

74.7 

Beach-- 

Sample  1 

75 

45.5 

43.2 

75.2 

Sample  2 

75 

45.4 

43.4 

73.6 

1/  Ovendry  pulp  to  ovendry  wood;    screene     through  0.010-inch 
Tlat  screen. 
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jable  8— Bleaching  conditions  of  sulfite  pulp  from  Sitka  spruce  and  western 
hemlock  beach  logs  from  southeast  Alaska 


Unit 

Spruce 

Hemlock 

Bleaching 
condition 

Control 

Beach 

Control 

Beach 

Yield  (based  on 
screened  pulp) 

percent 

46.1 

46.7 

47.3 

45.5 

Viscosity   1/ 

mPa-s 

7b. 0 

74.0 

74.7 

75.2 

Chlorination: 
Chlorine  applied 
Chlorine  residual 
Yield 

percent 

kg/metric 

percent 

3.1 
ton       2.3 

45.1 

3.0 

2.8 

44.8 

2.8 
2.2 

45.5 

2.8 
2.8 

44.0 

Extraction  yield 

percent 

43.1 

42.8 

43.0 

40.5 

First  sodium  hypochlorite: 
Appl ied 
Temperature 
Viscosity 

percent 

^C 

mPa-s 

.6 

42 

31.5 

.6 

44 
29.5 

.6 

44 
31.5 

.6 

44 

30.5 

Second  sodium  hypochlorite: 
Applied 
Temperature 
Viscosity 

percent 

^C 

mPa-s 

.4 

54 
25.3 

.4 

52 

25.2 

.4 

55 

24.3 

.4 
52  . 

24.4  ( 

Total    bleach  consumption: 
Applied 
Consumed 
Yield 

percent 
percent 
percent 

4.1 
3.6 

41.4 

4.0 

3.4 

42.3 

3.8 

3.4 

41.8 

3.8 

3.2 

39.8 

1/  Pulp  run  at  0.5  percent  concentration  in  Cupri ethyl enedi amine,  according 
to  TAPPI   T-230. 
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Table  9— Properties  of  the  bleached  sulfite  pulps  from  Sitka  spruce  and 
western  hemlock  beach  logs  from  southeast  Alaska 


Unit 

Sitka 

spruce 

Heml 

ock 

Property 

Control 

Beach 

Control 

Beach 

Yield   (based  on  wood) 

percent 

41.4 

42.3 

41.8 

39.8 

Brightness   (Elrepno) 

percent 

92.3 

91.7 

92.4 

92.8 

Drainage   time   (British) 

seconds 

3.9 

3.8 

4.0 

4.0 

Ash 

percent 

.3 

.3 

.3 

.3 

Viscosity   1/ 

mPa-s 

25.3 

25.2 

24.3 

24.4 

Solubilities: 

18  percent  cold  caustic   2/-- 

Stage  2,   alpha 

percent 

91.3 

90.6 

92.0 

91.5 

Stage  2,    beta  +  gamna 

percent 

8.7 

9.4 

8.0 

8.5 

Stage  4,   alpha 

percent 

90.3 

89.8 

91.3 

90.4 

10  percent  cold  caustic  2/-- 

Stage  4,    beta  percent  2.34  3.09  2.05  2.50 

Stage  4,    gamma  percent  7.32  7.10  6.67  7.06 

Alcohol    oenzene  percent  .37  .35  .38  .26 

Hot  potassium  hydroxide  3/  percent  11.14  10.50  11.65  11.30 

1/  Pulp  run  at  0.5  percent  concentration   in  Cupriethylenediamine,   according  to 
TAPPI   T-230. 

2/  According   to  TAPPI   T-203. 

3/  According   to  TAPPI   T-212. 


19 


Table  10— Yields  and  kappa  number  from  kraft  pulping  of  Sitka  spruce  and 
western  hemlock  beach  logs  from  southeast  Alaska 


Active 

Time  at 

Yield  1/ 

Species 

Kappa 

and  origin 

alkal i 

170  °C 

Total   Screened 

number  2/ 

Percent 

Minutes 

-  -  Percent  -  - 

Spruce: 

Control 

21.5 

105 

44.5     42.5 

24 

Beach 

21.5 

105 

43.2     41.6 

24 

Hemlock: 

Control 

21.5 

105 

44.1      43.3 

25 

Beach 

21.5 

105 

44.4     43.1 

25 

]_/  Ovendry  pulp  to  ovendry  wood;    screened  through  0.010-incn  flat 
screen. 

2/  According  to  TAPPI   T-236. 

The  conditions  for  the  kraft  digestions  were:  liquor-to-wood  ratio  4  to  1;  25  percent 
sulfidity;  21.5  percent  active  alkali;  temperature  rise  of  90  minutes  to  170  °C  and 
105  minutes  at  this  temperature.  At  the  end  of  each  digestion,  the  liquor  was  blown 
from  the  digester,  and  the  chips  were  immediately  washed  with  90  °C  water  and 
disintegrated  to  pulp.  The  resulting  pulps  were  then  screened  through  a  flat  screen 
(0.010-inch  slots)  and  sampled  to  determine  yield,  kappa  number,  and  strength 
development  according  to  TAPPI  standard  methods  (table  10).  No  statistical 
analyses  were  done  on  the  observed  responses. 


Results  and  Discussion       The  results  show  that  the  beach  logs  can  be  used  for  producing  both  sulfite  and 

kraft  pulps.  The  chips  from  the  spruce  logs  recovered  from  the  beach  had  pulping 
characteristics  similar  to  the  control  material.  The  cooking  conditions  did  not  have 
to  be  altered  to  produce  a  pulp  with  given  yield.  This  was  likewise  true  in  kraft 
pulping  of  the  hemlock.  The  sulfite  pulping  experiments  with  the  hemlock  required 
a  longer  cooking  schedule  when  chips  from  the  beach  logs  were  used  rather  than 
chips  from  the  control  logs. 

No  significant  problems  arose  in  the  bleaching  of  the  sulfite  pulps.  The  total  bleach 
chemical  requirement  was  nearly  the  same  for  the  pulps  produced  from  the  beach 
logs  as  for  those  from  the  respective  control  logs  (table  8).  The  viscosities, 
solubilities,  and  ash  contents  were  also  similar  (tables  8  and  9).  These  similarities 
indicate  that  the  beach  logs  should  have  potential  for  production  of  viscose  pulps. 
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Table  11— Properties  of  beaten  kraft  ppjips  from  Sitka  spruce  and  western 
hemlock  beach  logs  from  southeast  Alaska  ^^ 


Canadian 

Species  and 

standard 

Beating 

Burst 

Tear 

Tensile 

Brightness  2/ 

origin 

freeness 

time 

index 

index 

index 

Thickness 

Density 

(Elrepho)  "" 

ml 

minutes 

kPa-m^/g 

mN-m^/g 

N-m/g 

mn 

kg/m^ 

percent 

Sitka  spruce: 

Control  — 

Sample  1 

550 

30 

7.0 

12.1 

118 

0.084 

700 

25.8 

Sample  2 

450 

42 

9.2 

11.1 

125 

.077 

730 

Beach-- 

Sample   1 

550 

24 

8.8 

11.4 

104 

.084 

710 

25.7 

Sample  2 

450 

35 

9.1 

10.7 

114 

.081 

730 

Hemlock: 

Control  — 

Sample  1 

550 

28 

7.0 

10.3 

114 

.084 

700 

22.8 

Sample  2 

450 

38 

7.4 

9.5 

118 

.081 

735 

Beach- 

Sample  1 

550 

25 

6.8 

12.4 

110 

.088 

680 

25.6 

Sample  2 

450 

35 

8.9 

11.2 

116 

.083 

715 

y   According  to  TAPPI  standards. 

2/  Average  for  sample  1  and  sample  2. 


Bleaching  experiments  were  not  done  on  the  kraft  pulps,  but  the  unbleached  pulps 
were  beaten  and  evaluated.  Results  shown  in  table  11  indicate  no  difficulty  in 
developing  strength  in  sheets  produced  from  the  pulps  made  from  beach  log  chips. 
These  sheets  had  burst  strengths  higher  than  sheets  made  from  pulps  produced 
from  the  control  logs.  The  tear  strengths  were  lower  for  the  spruce  and  higher  for 
the  hemlock. 


Two  major  problems  addressed  were  the  general  lack  of  information  about  the 
energy  potential  and  the  effects  of  salt  and  other  contaminants  in  the  wood  on 
boilers,  chimneys,  and  stacks. 

Smith  and  Woodfin  (1984)  determined  the  sodium  and  other  inorganic  contents  and 
the  basic  fuel  characteristics  of  Sitka  spruce  and  western  hemlock  beach  logs. 
They  found  the  sodium  content  was  16  to  23  times  greater  in  western  hemlock  and 
14  to  22  times  greater  in  Sitka  spruce  than  the  values  found  in  the  literature  for 
logs  not  subjected  to  salt  contamination.  No  significant  differences  in  sodium  con- 
tent were  found  about  radial  position. 

Smith  and  Woodfin  (1984)  found  that  the  higher  heating  values  for  Sitka  spruce 
were  significantly  greater  than  those  found  in  the  literature,  and  those  for  western 
hemlock  were  about  the  same.  They  offered  no  explanation  for  this. 

Detrimental  effects  can  occur  when  beach  logs  are  burned  because  the  logs  con- 
tain high  levels  of  sodium.  Sodium  chloride  particles  contained  in  the  fly  ash  are 
submicron  in  size  and  are  very  difficult  to  capture  in  collectors.  This  can  result  in 
an  increase  in  stack  emission  and  stack  opacity. 
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Lamorey  and  Goss  (1983)  determined  gasification  characteristics  of  the  beach  log 
material.  Gasification  is  the  conversion  of  solid  carbonaceous  fuel  such  as  coal  or 
biomass  to  a  combustible  gas  by  partial  oxidation.  The  combustible  gas  can  then 
be  used  to  fire  a  burner  or  to  run  an  internal  combustion  engine. 

Tests  of  the  wood  chips  before  gasification  showed  that  the  beach  log  material  had 
lower  original  moisture  content.  The  lower  moisture  content  is  advantageous 
because  wood  with  a  moisture  content  of  less  than  18  percent  is  needed  for  the 
best  performance  in  a  gasifier;  therefore,  the  beach  log  material  would  require  less 
drying.  Gasification  of  each  of  the  samples  produced  the  same  amount  of  char  and 
fly  ash. 

Lamorey  and  Goss  (1983)  concluded  that  neither  the  beach  log  material  nor  the 
control  sample  caused  any  operational  problems  during  gasification.  No  differences 
were  found  in  any  of  the  gasification  characteristics  among  any  of  the  samples. 
They  did  recommend  further  testing  of  the  effects  of  gasifying  a  salty  fuel  before 
gasifying  beach  wood  residues  on  a  large  scale. 


Metric  Equivalents       1  '"ch  =  2.54  centimeters 

1  foot  =  0.3048  meter 


1  square  foot  =  0.0929  square  meter 

1  cubic  foot  =  0.02832  cubic  meter 

1  pound  =  453.6  grams 

1  quart  =  0.947  liter 

1  ton  =  0.907  metric  ton 

1  pound  per  square  inch  =  6.894  kilopascals 

1  pound  per  square  inch  square  foot  per  pound  =  0.001412  kilopascal  square 

meter  per  gram 
1  pound-force  square  foot  per  pound  =  0.000911  millinev.lon  square  meter  per 

gram 
1  pound-force  foot  per  pound  =  0.00299  newton  meter  per  gram 
1  pound-force  second  per  square  foot  =  0.04788  millipascal  second 
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Appendix  1  A  brief  summary  of  the  contractual  export  grades  between  the  Alaska  cant  mill 

owners  and  the  buyers  from  Japan. 

Hemlock 

No.  1: 

For  8-inch  cants- 
Must  be  free  of  heart  center,  maximum  volume  deduction  of  25  percent,  and 
maximum  width  of  24  inches. 
For  4-inch  cants — 

Must  be  shop  grade  and  better,  one  square  edge,  maximum  volume  deduc- 
tion of  25  percent,  minimum  4-inch  full  face,  minimum  of  50  percent  door 
cuttings,  no  heart  centers,  and  no  teredo  holes. 

No.  2: 

For  8-inch  cants- 
Heart  center  allowed  in  cants  larger  than  11  inches,  no  more  than  33  percent 
in  deductions. 
For  4-inch  cants — 

Standard  or  common  grade  cants,  heart  centers  allowed,  must  have  one 
square  edge,  and  deductions  of  no  more  than  33  percent 

Regular  B: 

Heart  centers  allowed,  must  have  two  slabbed  sides,  and  deductions  of  no 
more  than  33  percent.  Generally  10  to  15  inches  wide  and  used  to  resaw 
for  construction  lumber 

Spruce 


F: 


S: 


Must  meet  factory  and  shop  grades,  must  be  free  of  heart  center  on  both 
ends,  and  must  be  cut  from  logs  24  inches  or  more. 


Must  meet  factory  and  shop  grades,  heart  center  is  allowed,  and  must  be  cuti 
from  16-  to  23-inch  logs. 

O: 

Heart  centers  allowed,  must  have  two  slabbed  sides,  and  deductions  of  no 
more  than  33  percent.  Generally  10  to  15  inches  wide  and  used  to  resaw 
for  construction  lumber 
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ppendix  2  Prices  by  lumber  grade  used  in  this  report  are  based  on  1982  prices  quoted  by  the 

mills  at  the  time  of  processing: 

Mill,  species,  and  lumber  grade  Price 

Cant  mill:                                                                        ($/MBF) 
Hemlock- 
No.  1  300 
No.  2  225 
Regular  B  150 

Spruce — 

F  400 

S  225 

O  150 

Dimension  mill: 

Hemlock  and  spruce — 

Clears  325 

Standard  and  Better  150 

Utility  110 

Economy  65 


«GPO  692-665    1  986 
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Ernst,  Susan;  Plank,  Marlin  E.;  Fahey,  Donald  J.  Sitka  spruce  and  western 
hemlock  beach  logs  in  southeast  Alaska:  suitability  for  lumber,  pulp,  and 
energy.  Res.  Pap.  PNW-352.  Portland,  OR:  U.S.  Department  of  Agriculture, 
Forest  Service,  Pacific  Northwest  Research  Station;  1986.  25  p. 

The  suitability  of  western  hemlock  (Tsuga  heterophylla  (Raf.)  Sarg.)  and  Sitka 
spruce  (Picea  sitchensis  (Bong.)  Carr)  beach  logs  in  southeast  Alaska  for 
lumber,  pulp,  and  energy  was  determined.  Logs  were  sawn  at  a  cant  mill  in 
southeast  Alaska  and  at  a  dimension  mill  in  northern  Washington.  Volume 
and  value  recovery  was  compared  among  samples  of  live,  recent  dead,  and 
older  dead  classes  of  logs.  The  live  and  recent  dead  samples  produced  about 
the  same  quantity  and  quality  of  lumber  The  older  dead  sample  produced 
less  volume  and  lower  quality  lumber  There  were  no  difficulties  in  pulping  or 
gasification  of  the  beach  logs,  but  a  higher  salt  content  may  cause  problems 
with  boiler  corrosion  and  stack  emissions. 

Keywords:  Wood  utilization,  beach  logs,  western  hemlock,  Sitka  spruce, 
southeast  Alaska. 
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Abstract  Fahey,  Thomas  D.;  Snellgrove,  Thomas  A.;  Plank,  Marlin  E.  Changes  in  product 

recovery  between  live  and  dead  lodgepole  pine:  a  compendium.  Res.  Pap.  PNW- 
353.  Portland,  OR:  U.S.  Department  of  Agriculture,  Forest  Service,  Pacific  Northi- 
west  Researcfi  Station;  1986.  25  p. 

Six  studies  were  used  to  compare  differences  in  recovery  of  volume  and  value 
among  live,  recent  dead,  and  older  dead  lodgepole  pine  (Pinus  contorta  Dougl.  ex 
Loud.)  in  \he  Western  United  States.  The  products  studied  included  boards, 
random-length  dimension,  studs,  and  veneer  For  the  average  size  log  (12  cubic 
feet)  absolute  values  were  highest  for  boards,  followed  by  dimension,  veneer,  and 
studs  for  both  live  and  dead  timber  The  percentage  change  in  value  from  live  to 
dead,  however,  showed  the  reverse  order;  studs  lost  the  least  value  and  boards  the 
most. 

Keywords:  Lumber  recovery,  veneer  recovery,  dead  timber,  lodgepole  pine,  Pinus 
contorta. 

Summary  ^'^  studies  were  used  to  compare  differences  in  recovery  of  volume  and  value 

among  live,  recent  dead,  and  older  dead  lodgepole  pine  (Pinus  contorta  Dougl.  ex 
Loud.)  in  the  Western  United  States.  The  products  studied  included  boards, 
random-length  dimension,  studs,  and  veneer.  Although  results  are  presented  for  the 
studies  individually,  the  intent  was  to  provide  an  interpretation  of  recovery  that 
would  be  applicable  across  a  wide  range  of  conditions.  Results  suggest  that  blue 
stain  occurs  before  insect-killed  lodgepole  pine  trees  can  be  harvested  and  that 
checking  also  is  likely  to  begin  before  they  can  be  harvested.  The  length  of  time 
that  dead  trees  remain  standing  varies  by  climatic  conditions;  in  colder,  drier 
climates  it  is  usually  at  least  10  years.  Once  a  tree  contacts  the  ground,  deteriora- 
tion occurs  rapidly  and  within  a  few  years  the  material  is  unmerchantable  for  solid 
wood  products.  The  wood  from  dead  trees  is  drier,  lighter,  and  more  brash  than 
wood  from  live  timber;  and  more  breakage  may  occur  in  harvesting. 

In  a  board  mill,  both  stain  and  checks  are  important  causes  of  reduction  in  volume 
and  value.  For  structural  lumber  and  core  veneer,  checks  are  the  main  cause  for 
loss  in  volume  and  grade,  but  stain  is  not  important.  A  higher  proportion  of  low 
quality  products  is  produced  from  dead  timber;  selling  this  material  may  be  a  prob- 
lem under  certain  market  conditions.  Although  stain  is  not  an  important  grading 
factor,  it  can  be  a  problem  when  structural  grades  of  lumber  are  marketed. 

At  all  mills,  the  value  of  products  manufactured  from  dead  trees  was  less  than  for 
live  trees.  Some  of  the  loss  in  volume  of  lumber  or  veneer  can  be  recovered  when 
the  value  of  chips  is  included  in  the  total  log  value;  losses  because  of  poor  grade 
cannot  be  recovered.  Availability  of  markets  for  chips  and  the  value  of  chips  will  be 
critical  factors  in  determining  whether  small  and  low  quality  product  items  are 
salvaged.  For  the  average  size  log  (12  cubic  feet)  absolute  values  were  highest  for 
boards,  followed  by  dimension,  veneer,  and  studs  for  both  live  and  dead  timber. 
The  percentage  change  in  value  from  live  to  dead,  however,  showed  the  reverse 
order;  studs  lost  the  least  value  and  boards  the  most.  These  relationships  can  vary 
by  log  size  and  do  not  consider  costs. 
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Introduction 


Lodgepole  pine  {Pinus  contorta  Dougl.  ex  Loud.)  has  the  widest  range  of  any  com- 
mercial tree  species  in  western  North  America.  It  is  commonly  used  for  light  fram- 
ing lumber  and  is  generally  mixed  with  other  species  and  sold  as  spruce-pine-fir 
(SPF).^  A  substantial  volume  of  lodgepole  pine  is  also  peeled  on  4-foot  lathes  for 
use  as  core  stock  in  plywood  plants. 


The  volume  of  merchantable  dead  timber  in  the  northern  intermountain  area  was 
estimated  to  exceed  6  billion  cubic  feet  (Van  Sickle  and  Benson  1978).  Much  of  this 
volume  is  in  lodgepole  pine,  resulting  from  normal  attrition  in  stagnated  stands  and 
more  recently  caused  by  the  mountain  pine  beetle  {Dendroctonus  ponderosae 
Hopkins)  epidemic.  In  1981,  an  estimated  100  million  cubic  feet  of  lodgepole  pine 
was  killed  by  the  mountain  pine  beetle  in  the  Western  United  States  (USDA  Forest 
Service  1982).  This  rate  of  mortality  has  been  almost  constant  throughout  the  West 
for  the  past  decade. 

Because  the  volume  of  dead  material  available  is  considerable,  there  are  some  ob- 
vious questions:  How  much  of  it  can  be  used?  for  how  long?  and  for  what  prod- 
ucts? Several  studies  pertaining  to  utilization  have  been  reported  in  detail.  Dobie 
and  Wright  (1978)  reported  on  lumber  value  recovery  from  lodgepole  pine  in 
Canada.  Plank  (1979,  1984)  published  lumber  recovery  information  from  two  mills  in 
Wyoming.  Snellgrove  and  Ernst  (1983)  reported  on  veneer  recovery  from  dead 
lodgepole  pine  in  southern  Oregon.  Tegethoff  and  others  (1977)  reported  on  the  use 
of  lodgepole  pine  for  power  poles,  and  Lowery  and  Host  (1979)  discussed  the  use 
of  this  material  for  fenceposts.  The  use  of  standing  dead  lodgepole  pine  as  a  raw 
material  for  various  types  of  composition  board  was  discussed  by  Maloney  and 
others  (1978).  Peckinpaugh  (1978)  discussed  the  use  of  dead  lodgepole  pine  for 
house  logs.  Fahey  (1980a)  rated  alternative  products  based  on  the  value  of  ovendry 
tons  of  fiber. 


Objectives 


Background 

Type  and  Location  of 
Mortality 


This  paper  reports  results  from  five  lumber  recovery  studies  and  a  veneer  recovery 
study  conducted  in  the  Western  United  States.  The  objective  is  to  compare  dif- 
ferer.ces  in  volume  and  value  of  typical  products  recovered  from  live,  recent  dead, 
and  older  dead  lodgepole  pine.  The  intent  is  to  provide  an  interpretation  of  six  in- 
dividual studies  that  would  be  applicable  across  a  wide  range  of  conditions.  Formal 
statistical  comparisons  were  not  possible,  however,  because  all  products  were  not 
replicated  at  all  locations. 

The  primary  cause  of  mortality  in  mature  and  overmature  lodgepole  pine  stands  is 
the  mountain  pine  beetle  (Cole  and  Amman  1980).  There  are  currently  two  major 
types  of  outbreaks  in  the  West.  The  epidemics  in  eastern  Oregon  and  in  Montana 
are  declining  because  of  depletion  of  the  host  species  (USDA  Forest  Service  1982). 
An  epidemic  appears  to  Be  developing  in  eastern  Washington.  Throughout 
Wyoming,  Utah,  Idaho,  and  Colorado,  the  beetle  populations  are  generally 
endemic,  with  localized  epidemics. 


"  Spruce-pine-fir  is  Engelmann  spruce  {Picea  engelmannii  Parry 
ex  Engelm),  subalpine  fir  {Abies  lasiocarpa  (Hook.)  Nutt),  and 
lodgepole  pine  {Pinus  contorta  Dougl.  ex  Loud.). 


Mountain  Pine  Beetle 
Life  Cycle 


The  mountain  pine  beetle  typically  has  a  1-year  life  cycle  (Furniss  and  Carolin 
1977).  Mature  insects  fly  in  mid-July  or  August;  during  endemic  infestations  they 
tack  weaker,  less  vigorous  trees,  normally  8  inches  and  larger  in  d.b.h.  and  over 
100  years  old.  In  epidemics  they  are  less  selective.  Initial  attack  is  by  females;  tl 
mine  galleries  and  lay  eggs  that  hatch  in  about  2  weeks  into  larvae  that  overwin 
in  that  stage.  Pupation  occurs  in  early  July,  and  with  the  emergence  of  adults  th 
cycle  begins  again.  In  California  two  or  three  cycles  may  occur  in  1  year,  where; 
in  colder  climates  and  at  high  elevations  one  cycle  may  take  2  years. 


Infested  trees  are  recognized  first  by  pitch  tubes  on  their  trunks  and  red  boring 
dust  in  bark  crevices  and  on  the  ground  at  the  roots.  This  is  followed  by  discolo: 
tion  of  the  foliage  from  normal  green  to  light  greenish  yellow,  then  to  reddish  brc 


Deterioration 


Deterioration  occurs  in  a  sequence  of  events  that  overlap.  First  the  tree  becomes 
stained,  then  checked,  and  eventually  it  rots  at  the  ground  line  and  falls. 


Lodgepole  pine  attacked  by  the  mountain  pine  beetle  begins  to  deteriorate  becai 
of  stain  before  it  is  dead.  The  blue  stain  fungus,  mostly  Ceratocystis  spp.,  is  in- 
troduced from  pouchlike  structures  on  the  head  of  the  beetle.  Between  30  and  6l 
percent  of  the  total  main  stem  volume  is  stained  within  9  months  (Harvey  1979)., 
the  time  the  needles  have  faded  to  the  point  that  death  is  certain,  the  stain  has; 
generally  infested  the  tree  to  the  maximum  extent  (fig.  1). 


1  month 


3  months 


Figure  1.— Stain  spores  are  carried  by  the  mountain  pine  beetle;  50  percent  of  the  sapwood  is  staineH 
within  1  month  of  beetle  attack  and  the  entire  sapwood  is  stained  within  3  months. 

Physical  deterioration  is  iniiially  caused  by  drying  stresses  that  appear  as  splits  i 
the  bole  of  the  tree  (fig.  2).  These  splits  extend  from  the  bark  to  the  pith  and  or  i 
check  (occasionally  two  or  three  checks)  will  develop  to  relieve  the  drying  stress i 
Checks  ordinarily  take  about  1  year  to  develop  from  the  time  of  attack,  but  in  ci  j 
areas  they  may  take  three  full  summers. 


The  tree  may  then  stand  for  an  extended  period  with  little  or  no  further  deterior 
tion,  other  than  sloughing  of  bark  and  surface  oxidation,  until  it  breaks  off  at  or 
near  the  ground  line.  Activities  of  wood-destroying  fungi,  which  ultimately  consu 
the  tree,  are  dependent  on  both  moisture  and  temperature  (Larsen  and  others 
1980).  As  the  trees  dry,  moisture  content  in  most  of  the  bole  drops  to  approxim. 
20  percent  (Lowery  1978)  which  inhibits  or  prevents  growth  of  fungi.  A  small  poi 
of  the  tree  at  the  base,  however,  will  maintain  the  moisture  and  temperature 
necessary  for  fungal  growth  for  short  periods  in  the  spring  and  fall,  depending 
climate  and  exposure.  In  all  cases,  the  trees  decay  at  or  near  the  ground  line  l 


Figure  2 —Checks  develop  rapidly  as  a 
result  of  drying  stresses  in  trees  killed 
by  the  mountain  pine  beetle  The  beetle 
is  not  a  defoliator;  therefore,  transpiration 
through  the  needles  causes  rapid  drying 
of  the  stem. 


Figure  3— Rot  generally  develops  only  at 
the  base  of  the  tree:  the  bole  above 
ground  level  is  too  dry  to  support  decay- 
causing  organisms.  In  most  areas  of  the 
West,  trees  will  remain  standing  for  much 
longer  than  10  years. 


Effect  of  Deterioration 
on  Products 


they  eventually  fall  (fig.  3).  Once  the  tree  contacts  the  ground,  conditions  for  decay 
are  favorable  and  deterioration  of  the  main  stem  is  rapid.  Few  areas  in  the  inter- 
mountain  west  are  favorable  for  activities  of  decay  fungi,  but  conditions  can  vary 
tremendously  by  geographic  area.  Trees  will  remain  standing  with  very  little 
deterioration  from  7  to  8  years  in  eastern  Oregon  to  more  than  20  years  in  the 
driest  and  coldest  areas  in  Montana  and  Wyoming. 

The  two  primary  factors  causing  losses  of  grade  and  volume  from  dead  trees  are 
stain,  and  checks  that  become  splits  in  lumber  or  veneer.  Stain  affects  only  prod- 
ucts graded  for  appearance,  and  grading  rules  for  lumber  (Western  Wood  Products 
Association  (WWPA),  1977,  section  744)  have  these  categories:  "Heavy  stained  sap- 
wood  has  so  pronounced  a  difference  in  color  that  the  grain  may  be  obscured,  but 
the  lumber  containing  it  is  acceptable  for  paint  finishes;  medium  stained  sapwood 
affects  the  usefulness  for  natural  finishes,  but  not  for  paint  finishes;  tight  stained 
sapwood  does  not  materially  affect  natural  finishes."  Heavy  stain  eliminates  lumber 
from  2  Common  and  Better  grades,  but  has  no  effect  on  lower  grades  of  Common 
lumber.  It  also  has  no  effect  on  lumber  grade  at  dimension  or  stud  mills  or  on  core 
grades  of  veneer. 

Drying  checks  in  trees  are  graded  as  splits  in  lumber  and  veneer  (fig.  4,  A  and  B). 
Splits  are  defined  as  "a  separation  of  the  wood  due  to  tearing  apart  of  the  wood 
cells."  Splits  in  lumber  are  categorized  in  relation  to  the  size  of  the  piece.  The 
maximum  split  allowed  for  a  particular  grade  is  shown  in  table  1.  Splits  generally 
limit  the  grade  of  boards  to  3  or  4  Common;  of  dimension  to  Utility  or  No.  3;  and 
of  Studs  to  Economy  Stud.  Splits  in  C  grade  veneer  are  limited  to  one-half  inch  for 
one-half  the  panel  or  three-eighths  inch  for  the  full  panel.  D  grade  veneer  is 
generally  not  affected  by  splits. 
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Figure  4— Drying  checks  in  frees  become  splits  in 
lumber  (A)  and  veneer  (B).  Generally  the  products 
held  together  but  were  degraded  because 
of  the  split. 


Table  1— Lumber  grades  and  limitations  for  splits^ 


Grade 


Section  in 
WWPA  rules 


Maximum  length  of  split 


Board: 

2  Common 

3  Common 

4  Common 

5  Common 


30.12 
30.13 
30.14 
30.15 


equal    to  width 
equal    to  1/6  length  of 
equal    to  1/3  length  of 
not  limited 


boaj 
boaa 


Dimension: 
Light  Framing 
(2  X  2  to  2  X  4)  — 
Standard 
Utility 
Economy 
Stud 
Economy  Stud 

Structural  Joists  and 
Planks  (2x5  and  wider)-- 
No.  1 
No.  2 
No.  3 
Economy 


40.12 

equal   to  1-1/2  times  widthti 

40.13 

equal    to  1/6  length 

40.14 

not  limited 

41.13 

equal    to  2  times  width 

41.14 

equal   to  1/4  length 

62.11 

equal   to  width 

62.12 

equal    to  1-1/2  times  width 

62.13 

equal    to  1/6  length 

62.14 

not  limited 

V  Grades  and  limitations  are  according  to  Western  Wood  Products 
Association  (1977). 


Figure  5. — Approximate  location  of  individual  study  areas  and 
types  of  products  at  each  location. 


Vlethods 


Product  recovery  studies  were  conducted  in  six  mills  at  five  locations  in  the  inter- 
mountain  area  (fig.  5).  The  same  general  techniques  were  used  in  all  studies.  In- 
dividual trees  were  selected,  identified,  and  harvested.  Logs  were  identified  by  tree 
and  by  position  in  the  tree.  At  the  mill,  logs  were  scaled  and  during  the  processing 
each  piece  of  lumber  or  veneer  was  identified  by  the  log  it  came  from.  Product 
and  log  values  were  based  on  prices  for  surfaced  dry  lumber  or  dry  trimmed 
veneer. 


Sample  Selection  and 
-ogging 


Trees  were  selected  from  each  study  area  to  sample  the  variation  in  diameter  and 
time  since  death.  The  distribution  of  sample  logs  or  trees  by  type  of  mill,  area,  and 
tree  condition  is  shown  in  table  2.  Tree  diameters  from  the  two  Oregon  studies 
(stud  and  veneer  mills)  were  slightly  smaller  than  those  sampled  in  Montana  and 
Wyoming.  In  the  Montana  studies,  logs  from  trees  were  allocated  to  two  types  of 
mills;  therefore,  diameter  of  logs  rather  than  of  trees  is  used  in  table  2.  Recent 
dead  trees  (1-2  years)  had  either  yellow-green  or  red  needles;  older  dead  (3  years 
plus)  generally  had  few  needles  or  none.  In  the  Blue  Mountains  of  eastern  Oregon, 
stands  killed  1  to  6  years 'earlier  were  sampled,  and  the  date  of  mortality  was 
determined  from  Ranger  District  records.  In  parts  of  Montana  and  Wyoming  there 
was  little  recent  mortality  in  the  vicinity  of  the  mill;  therefore,  getting  an  adequate 
sample  of  recently  killed  trees  was  not  practical. 


The  sample  trees  were  sold  to  the  cooperating  mills  and  were  logged  following  nor- 
mal practices  in  the  area.  Logs  were  tagged  to  identify  the  tree  and  the  log  posi- 
tion within  the  tree. 


Table  2— Distribution  and  diameter  of  lodgepole  pine  trees  by  mill  type,  study 
location,  and  tree  condition 


Live 


Recent  dead  1/ 


Older  dead  2/ 


Diameter 


Diameter 


Diameter 


Mill    type  and 
study  location 


Number       Range       Average       Number       Range       Average       Number       Range       Averac 


Inches 


Inches 


TREES 


Inches 


Dimension  (Wyoming) 
Stud  (Wyoming) 
Stud  (Oregon) 
Veneer  (Oregon) 

120 

100 

40 

'S3 

7-18 
7-19 
6-16 
0-16 

10 
11 
11 

12 

118 
80 
37 

LOGS 

8-21 
6-15 
8-17 

13 
10 
12 

147 

170 

132 

24 

7-18 
8-22 
6-15 
8-15 

11 

14 
10 
12 

Board  (Montana) 
Dimension  (Montana) 

173 
349 

7-15 
4-10 

10 

7 

-- 

-- 

-- 

49 
130 

7-12 
5-10 

10 
7 

1/  Trees  dead  1-2  years. 

2/  Trees  dead  1  years  or 

more. 

Scaling 


Logs  were  rolled  out  in  the  mill  yards  and  scaled  by  USDA  Forest  Service  check 
scalers.  In  sonne  cases,  logs  were  scaled  as  "long  logs"  (generally  32  feet  and 
longer);  in  other  cases  logs  were  scaled  as  "short  logs"  (generally  16  feet).  Enn- 
phasis  in  analysis  is  on  the  percentage  of  change  in  recovery;  therefore,  the  dif- 
ference in  scaling  lengths  between  mills  is  not  important.  Although  Scribner  and 
cubic  volumes  were  measured,  only  gross  cubic  volumes  were  used  for  analysis 
and  presentation  of  results. 


Study  Mills 


Processing 


Cubic  volumes  are  based  on  diameters  that  were  recorded  to  the  nearest  inch  ar 
lengths  to  the  nearest  foot.  The  Smalian  formula  was  used  to  calculate  cubic 
volume  of  all  logs. 

The  six  study  mills  included  two  stud  mills,  two  random-length  dimension  mills,  a 
board  mill,  and  a  veneer  mill.  One  stud  mill  had  only  one  headrig— a  four-saw 
scragg.  The  other  stud  mill  had  two  headrigs — a  band  saw  and  a  four-saw  scrag 
Of  the  two  random  length  dimension  mills,  one  had  a  chipping  headrig,  the  othe 
had  a  circular  saw  with  a  battery  edger  for  sawing  cants.  The  board  mill  was  a 
conventional  band  mill  with  a  linebar  resaw.  The  veneer  mill  produced  veneer  on 
high-speed  core  lathe,  peeling  "hot  soaked"  4-foot  blocks. 

After  the  logs  were  scaled,  they  were  processed  into  the  products  that  each  mill 
normally  produced  from  lodgepole  pine.  Each  piece  of  lumber  or  veneer  was 
marked  to  identify  it  by  the  log  from  which  it  was  produced.  All  lumber  was  grad 
in  the  surfaced  dry  condition,  and  grading  was  supervised  by  inspectors  from  th( 
WWPA,  applying  grading  rules  for  western  lumber  (Western  Wood  Products 
Association  1977).  All  veneer  was  graded  in  the  dry  condition  under  the  supervis 
of  grading  inspectors  from  the  American  Plywood  Association  (APA),  applying 
grading  rules  for  veneer  (American  Plywood  Association  1974). 


Table  3— Indexed  prices  for  lumber  grades  used  to  calculate  log  values 


Lumber  grades 

2x2  to 

2x4 

2x6  to 

2x12 

1x3  and  1x4    1x6  to  1x12 

Doll< 

jrs  per 

th 

ousand  board  feet 

Studs: 

Stud 

100 

Short  Stud 

67 

Utility 

70 

Economy 

47 

Random  length  dimension 

Standard  and  Better 

127 

130 

Utility 

87 

80 

Economy 

45 

45 

Boards: 

2  and  Better  Common 

188          204 

3  Common 

106          137 

4  Common 

80          93 

5  Common 

54           54 

1/  Prices  based  on  Western  Wood  Products  Association  yearly  price  summary, 
T978. 


Product  Volumes 


Sample  measurements  were  taken  to  determine  the  actual  thickness  and  width  of 
all  green  lumber  and  veneer  Among  the  mills,  rough  green  2  x  4's,  for  example, 
range  from  1.63  x  3.88  inches  to  1.80  x  4.06  inches,  whereas  the  size  for  surfaced 
dry  2  x  4's  is  1.50  x  3.50  inches.  A  difference  between  actual  and  nominal  sizes 
also  occurs  for  veneer  The  nominal  half  sheet,  usually  referred  to  as  27  inches,  is 
clipped  about  26  inches  wide  but  is  tallied  as  24  inches  wide.  The  actual  size  of 
the  green  lumber  or  veneer  was  used  to  account  for  the  total  cubic  volume,  and 
the  nominal  size  was  used  to  calculate  value.  Chip  volume  for  logs  sawn  into 
lumber  was  calculated  by  subtracting  the  cubic  volume  of  rough  green  lumber  and 
sawdust  from  gross  log  volume.  For  veneer  logs,  green  untrimmed  veneer  was  sub- 
tracted from  gross  log  volume. 


Product  Prices 


To  develop  values  in  this  report,  we  needed  prices  for  three  products:  lumber, 
veneer,  and  chips.  Only  C  and  D  veneer  were  produced,  and  both  were  given  the 
same  value — $49  per  thousand  square  feet  on  a  3/8-inch  basis.  The  price  for  chips 
was  $40/ovendry  ton  or  $48  cunit  (100  cubic  feet).  Developing  useful  prices  for 
lumber  is  more  difficult  because  of  the  array  of  items  produced  and  the  different 
prices  associated  with  them. 

The  values  for  lumber  were  developed  by  indexing  prices  taken  from  Western 
Wood  Products  Association  annual  summary  for  1978  (table  3).  The  concept  of  in- 
dexing the  prices  was  based  on  the  assumption  that  the  relationship  of  prices 
among  grades  within  a  product  line  changes  little  over  time.  For  example,  the  rela- 
tionship between  the  price  of  studs  and  boards  may  change  somewhat  over  time, 
but  the  price  for  2  Common  boards  relative  to  3  Common  boards  will  change  little. 
In  this  pricing  system.  Stud  grade  was  chosen  as  the  index  item  because  it  was 
the  most  common  grade  sold  for  lodgepole  pine.  The  price  for  Stud  grade  was  ar- 
bitrarily set  at  $100/MBF  (thousand  board  feet),  and  all  other  grades  were  set  as  a 


ratio  to  the  price  of  Stud  grade;  short  studs,  for  example,  were  worth  67  percent  of 
the  value  of  Stud  or  $67/MBF.  Because  the  Stud  grade  was  set  at  $100/MBF,  the 
values  developed  are  useful  only  for  comparisons  or  as  a  basis  for  repricing  for 
current  markets.  The  technique  for  developing  current  values  from  this  indexing 
system  is  shown  under  "Application"  (see  "Repricing,"  p.  21). 

Analysis  ^^®  objective  of  this  paper  is  to  compare  recovery  among  live,  recent  dead,  and 

older  dead  lodgepole  pine  and  to  discuss  how  type  of  product,  grading  rules  for 
products,  and  mill  equipment  affected  that  recovery.  Statistical  analysis  was  used 
only  to  test  for  differences  among  time-since-death  classes  by  type  of  products. 
Our  experience  and  knowledge  are  the  basis  for  the  discussion  about  the  effect 
that  grading  rules  and  mill  equipment  have  on  recovery. 

Four  response  variables  for  recovery  were  used  in  the  analysis: 

1.  Volume  of  lumber  or  veneer  (primary  product)  for  each  log  (cubic  feet). 

2.  Volume  of  chips  for  each  log  (cubic  feet). 

3.  Value  of  primary  product  for  each  log  (dollars). 

4.  Value  of  primary  product  plus  chips  for  each  log  (dollars). 

These  variables  were  regressed  over  the  gross  cubic  volume  of  each  log.  From 
previous  research  (Fahey  and  others  1981,  Fahey  1983)  we  assumed  that  there  Wc 
a  linear  relationship  between  the  response  variables  and  log  cubic  volume: 

y  =  bo  +  bix; 

where: 

y    =  recovery  as  shown  above, 

bo  =  intercept, 

bi  =  regression  coefficient,  and 

x    =  log  size  expressed  as  gross  cubic-foot  volume. 

Gross  cubic  feet  per  log  was  chosen  as  our  independent  variable  because  it  can 
be  used  in  calculating  actual  losses  in  recovery  not  complicated  by  the  estimate 
defect.  Cubic  feet  of  rough  green  lumber  was  chosen  to  express  volume  recovery 
recovery  in  cubic  feet  for  the  same  product  and  the  same  size  log  varies  little 
among  mills,  but  recovery  based  on  board  feet  of  surfaced  lumber  varies  substarj 
tially.  No  analysis  was  conducted  to  confirm  this,  but  our  experience  indicates  th<i 
the  cubic  volume  of  products  varies  little  based  on  size  of  rough  lumber  Most  of  I 
the  variation  in  board-foot  recovery  is  caused  by  differences  in  target  size  and  sal 
ing  variation  among  mills.  Chip  volumes  were  also  expressed  as  green  volumes,  j 
Value  of  primary  products  was  calculated  as  the  total  value  of  all  lumber  or  venejj 
in  the  log,  and  total  value  includes  the  value  of  primary  products  plus  the  value  ( 
chips. 

Regression  analysis  was  used  to  fit  curves  to  each  class,  and  covariance  analys- 
was  then  used  to  compare  slopes  and  intercepts  among  the  live,  recent  dead,  ar 
older  dead  samples  at  each  mill.  Groups  that  were  not  significantly  different  (P  r 
0.05)  were  combined.  Where  there  was  a  significant  difference,  the  7m  criterion 
(Draper  and  Smith  1981)  was  used  as  a  further  test  to  determine  if  differences 
were  practically  important.  The  equations  resulting  from  this  analysis  are  shown 
figures  6  to  11;  the  summary  statistics  are  shown  in  the  appendix. 


The  results  are  presented  by  type  of  product  because  changes  in  total  value  ap- 
pear to  be  strongly  affected  by  the  product  manufactured.  Key  points  about  the 
grading  rules  for  each  type  of  product  and  the  type  of  nnill  equipment  are  dis- 
cussed at  the  beginning  of  each  section  in  "Results,"  because  these  factors  also 
affect  recovery. 

We  first  discuss  changes  in  volume  recovery  among  classes,  followed  by  changes 
in  grades  and  average  value  of  primary  products  in  $/MLT  (dollars  per  thousand 
board  feet  of  lumber  tally).  Total  value,  which  includes  value  of  primary  products 
(including  chips),  is  discussed  last.  It  is  the  most  important  variable,  however, 
because  many  production  decisions,  such  as  edging  or  trimming,  involve  sacrific- 
ing lumber  volume  for  an  increase  in  lumber  grade  and  volume  of  chips.  The  total 
value  includes  the  interaction  of  the  value  of  all  products. 

These  results  are  based  on  boards  processed  at  one  mill  which  used  a  band 
headrig  with  a  linebar  resaw,  edger,  and  trimsaw.  No  recent  dead  trees  were 
available  for  sampling,  so  information  is  reported  only  about  live  trees  and  older 
dead  trees,  which  were  heavily  stained  and  deeply  checked.  The  only  item  pro- 
duced was  1-inch  boards,  and  most  of  the  volume  from  live  trees  was  graded  2 
Common  and  Better  The  Common  board  grades  (Western  Wood  Products  Associa- 
tion 1977,  section  30)  are  based  primarily  on  appearance  of  the  board.  Heavy  stain 
is  not  permitted  in  Grades  2  Common  and  Better,  but  it  is  allowed  in  3  Common. 

There  was  a  major  loss  in  volume  of  lumber  recovered  from  the  older  dead  trees 
and  a  concurrent  increase  in  the  amount  of  chips  (fig.  6,  A  and  B).  Some  of  the 
loss  in  lumber  volume  was  due  to  stain,  but  most  of  the  loss  was  due  to  checks. 
These  defects  were  often  removed  in  the  edging  process  to  raise  the  grade. 

In  addition  to  the  loss  in  volume  of  lumber  recovered,  there  was  a  loss  in  the 
average  value  of  the  lumber  associated  with  the  change  in  the  grade  of  the 
boards.  The  average  grade  recovered  and  average  lumber  value  for  the  live  and 
older  dead  samples  are  shown  in  table  4.  The  $/MLT  is  the  average  value  of  the 
lumber  produced;  it  does  not  account  for  the  loss  in  product  volume. 


Table  4— Average  recovery  by  lumber  grade  and  average  value  of  logs  from  live 
and  older  dead  lodgepole  pine  sawn  in  the  board  mill 


Lumber  grade 

Tree 
condition 

2 

and  Better 
Common 

3  Common    4  Common 

5  Common 

Average 
value  of 
1  umber 

_  —  —  Po^ronl"  _  _  _  _ 

$/MLT 

180 
164 

Live 
Older  dead 

65.0 
13.8 

29.7         5.0 
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Figure  6. — Estimates  of  the  volume  and  value  of  lumber  and  chips 
for  a  mill  in  Montana  producing  boards  from  live  and  older  dead 
lodgepole  pine:  A.  Relationship  of  cubic  feet  of  rough  green 
lumber  to  cubic  feet  of  gross  log  volume;  B.  relationship  of  cubic 
feet  of  chippable  volume  to  cubic  feet  of  gross  log  volume;  C. 
relationship  of  value  of  surfaced-dry  lumber  to  cubic  feet  of  gross 
log  volume;  D.  relationship  of  value  of  lumber  and  chips  to  cubic 
feet  of  gross  log  volume. 
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The  principal  cause  of  change  in  $/MLT  between  the  live  and  the  older  dead 
classes  was  the  decrease  in  the  percentage  of  2  Better  and  Common  lumber 
because  of  blue  stain.  A  small  additional  loss  occurred  because  some  boards 
changed  from  3  Common  to  4  Common.  Most  of  this  loss  was  caused  by  drying 
checks,  which  are  considered  splits.  There  was  a  very  small  increase  in  the 
percentage  of  5  Common  lumber  recovered  from  the  older  dead  trees,  but  even  in 
those  trees  very  little  5  Common  lumber  was  produced.  A  study  of  western  white 
pine  (Snellgrove  and  Cahill  1980)  and  second-growth  ponderosa  pine  (Fahey 
1980b)  showed  similar  results:  Most  grade  2  Common  and  Better  was  lost  within 
the  1st  year;  as  dead  trees  deteriorated  over  time  the  proportion  of  lumber  in 
grades  4  and  5  Common  increased. 

The  difference  in  value  of  lumber  between  the  live  and  dead  samples  (fig.  6C)  is 
due  partly  to  a  loss  in  lumber  volume  and  partly  to  a  reduction  in  average  quality 
of  the  lumber  recovered.  Loss  in  total  value  which  includes  lumber  and  chips  (fig. 
6D)  was  offset  very  little  by  the  increased  value  of  chippable  fiber  recovered  from 
the  dead  timber 

In  our  opinion,  if  recent  dead  timber  had  been  available,  losses  in  volume  would 
have  been  similar  to  losses  for  live  trees  because  only  staining  would  have  occur- 
red at  this  stage.  Losses  in  value  for  the  recent  dead  trees  would,  however,  have 
been  similar  to  losses  for  older  dead  trees  because  of  the  extreme  difference  in 
value  between  2  Common  and  3  Common  lumber  grades. 

Dimension  Lumber  Results  are  based  on  recovery  of  dimension  lumber  from  a  sawmill  with  a  circular 

headrig  in  Wyoming  (Plank  1979)  and  a  chipping  headrig  mill  in  Montana.  Both 
studies  were  conducted  in  areas  where  no  recent  dead  trees  were  available,  so 
only  live  and  older  dead  trees  were  sampled.  The  results  from  each  mill  are 
presented  separately  (figs.  7  and  8);  the  mills  are  compared  only  to  illustrate  how 
recovery  was  affected  by  different  markets  for  byproducts.  The  Montana  mill  was 
located  near  a  major  pulp  mill  and  had  a  good  market  for  chips;  the  Wyoming  mill 
had  virtually  no  market  for  chips  but  was  located  adjacent  to  a  pallet  plant.  These 
factors  affected  production  decisions  at  each  mill.  Both  mills  produced  nominal 
2-inch  dimension  grade  lumber,  which  is  graded  for  structural  strength  rather  than 
appearance.  Stain,  therefore,  is  not  a  primary  cause  of  degrade,  but  drying  checks 
are.  Most  of  the  lumber  was  graded  under  the  Light  Framing  or  Structural  Joists 
and  Planks  rules  (Western  Wood  Products  Association  1977,  sections  40  and  42), 
but  1-inch  lumber  was  graded  as  Commons  (section  30). 

At  the  Wyoming  mill  (circular  headrig)  there  were  no  differences  in  the  volume  of 
lumber  or  chips  recovered  between  the  live  and  dead  trees  (fig.  7,  A  and  B).  At  the 
Montana  mill  the  difference  between  volume  recovery  of  live  and  dead  trees  was 
statistically  significant,  but  it  was  of  no  practical  importance  (fig.  8,  A  and  B).  Both 
mills  produced  nominal  2-inch  dimension  lumber.  The  mill  in  Montana,  which  chip- 
ped its  slabs,  recovered  only  8  percent  of  its  lumber  as  1-inch  boards;  but  the 
Wyoming  mill  saved  slabs  and  lower  grade  lumber  from  the  dead  timber  for  pallet 
stock  and  produced  22  percent  boards. 


0.476X 


20 

r  ^ 

Live  and  older  dead  logs    y  = 

0.006 

0.430X 

^^_,^ 

c 

15 

" 

E 

3 

O 

> 

10 

_ 

^ 

^ 

0) 

to 
a 

Q. 

o 

5 

^ 

,    1    .    .    , 

.    1    ,    ,    1    1    1 

Log  volume  (fr) 


10  15  20 

Log  volume  (ft^) 


25 


30 


(0 

30 

_ 

C 

^ 

^ 

J5 

— 

-  Live  logs 

y  = 

0.527       0.747X 

o 

25 

— 

—  Older  dead  logs 

y 

0.254   '   0.599X 

- 

w 

O 

£1 

^^ 

E 

20 

7 

/^ 

3 

^ 

^^ 

15 

■_ 

^/^     ^-^ 

■D 

- 

^y"^           /' 

XJ 

- 

^^^^      ^..^  ^^ 

0) 

^^^         ^ 

O 

10 

^ 

^ 

ro 

^  ^ 

«^- 

w 

^^ 

^' 

3 

^^  ^ 

(A 

5 

— 

^  ^ 
^  -^ 

tfM 

^^ 

O 

n 

^ 

>    1    1    1    .    1    1    .    , 

1  1 

1    ,    ,    ,    .    1    .    ,    >    ,    1    1     1    1    J    1 

^ 


10  15  20 

Log  volume  (ft^) 


25 


30 


(0 

o 


30 


r-  D 

Live  logs  y 

Older  dead  logs  y 


Log  volume  (ft  ) 


Figure  7— Estimates  of  volume  and  value  of  lumber  and  cfiips  for 
a  mill  in  Wyoming  producing  random  length  dimension  lumber 
from  live  and  older  dead  lodgepole  pine:  A    Relationship  of  cubic 
feet  of  rough  green  lumber  to  cubic  feet  of  gross  log  volume;  B. 
relationship  of  cubic  feet  of  chippable  volume  to  cubic  feet  of 
gross  log  volume;  C.  relationship  of  value  of  surfaced-dry  lumber 
to  cubic  feet  of  gross  log  volume;  D.  relationship  of  value  of 
lumber  and  chips  to  cubic  feet  of  gross  log  volume. 
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Figure  8.— Estimates  of  volume  and  value  of  lumber  and  chiips  for 
a  mill  in  iVlontana  producing  random  length  dimension  lumber 
from  live  and  older  dead  lodgepole  pine:  A    Relationship  of  cubic 
feet  of  rough  green  lumber  to  cubic  feet  of  gross  log  volume:  B. 
relationship  of  cubic  feet  of  chippable  volume  to  cubic  feet  of 
gross  log  volume;  C.  relationship  of  value  of  surfaced-dry  lumber 
to  cubic  feet  of  gross  log  volume:  D.  relationship  of  value  of 
lumber  and  chips  to  cubic  feet  of  gross  log  volume. 
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Table  5— Average  recovery  by  lumber  grade,  average  value,  and  lumber  recovery 
factor  of  logs  sawn  from  live  and  older  dead  lodgepole  pine  trees  in  dimension 
mills 


Studs 


Lumber  grade 

Average 

Mill  type. 

Standard  or 

Utility 

Lumber 

location,  and 

No.  2 

or 

value  of 

recovery 

tree  condition 

and  Better 

No.  3 

Economy 

lumber 

factor 

Board  feet  per 

_  _  _  _ 

-  Percent  -  - 

_  _  _ 

$/MLT 

cubic  foot 

Chipping  headrig 

(Montana):  1/ 

Live 

81 

9 

10 

122 

5.7 

Older  dead 

34 

47 

19 

102 

5.7 

Circular  saw 

(Wyoming):  2/ 

Li  ve 

61 

22 

17 

106 

6.1 

Older  dead 

37 

43 

20 

91 

6.1 

V  Includes  8  percent  1-inch  boards. 
y  Includes  22  percent  1-inch  boards. 

The  average  lumber  grade  recovery  and  the  lumber  recovery  factor  (LRF)  for  the 
two  mills  are  shown  in  table  5.  The  $/MLT  from  the  dead  trees  was  about  15  per- 
cent less  than  from  the  live  trees  at  both  mills — there  was  a  higher  proportion  of 
lower  grade  lumber  from  the  dead  timber.  The  differences  in  lumber  grade 
recovery  and  $/MLT  between  the  two  mills  is  mainly  a  result  of  the  decision  at  the 
Wyoming  mill  to  save  1-inch  boards  for  the  pallet  plant.  Because  little  effort  was 
made  to  edge  or  trim  lower  quality  boards,  the  LRF  at  the  Wyoming  mill  was 
higher. 

The  ability  of  the  circular  headrig  mill  to  position  the  log  when  it  was  sawed 
should,  theoretically,  have  minimized  the  effect  of  checks  on  recovery.  Our  results 
show  that  losses  in  grade  and  volume  recovery  at  that  mill  were  in  fact  less,  but 
the  market  for  chips  obscured  this  relationship.  At  both  mills  the  change  in  the 
value  of  lumber  plus  chips  (figs.  7D  and  8D)  was  due  to  the  recovery  of  lower 
grade  lumber,  rather  than  less  lumber  from  the  dead  timber.  Although  the  Wyoming 
mill  saved  smaller  and  lower  quality  lumber,  the  results  in  total  value  between  the 
two  mills  were  nearly  identical.  At  the  Montana  mill,  lumber  volume  was  sacrificed 
to  increase  grade,  but  at  the  Wyoming  mill  the  reverse  was  true. 

Studs  are  graded  for  structural  stiffness  and  are  generally  used  as  Light  Framing 
lumber.  Some  short  lumber  of  Stud  grade,  however,  is  used  as  webbing  for 
prefabricated  trusses  or  is  finger  jointed  and  recut  for  general  structural  uses. 
Studs  are  cut  to  nominal  sizes  of  2  x  3,  2  x  4,  or  2  x  6  inches  and  generally  are 
PET  (precision  end  trimmed)  to  lengths  of  96,  92-5/8,  and  88-5/8  inches.  Stain  is 
not  considered  a  grading  defect  for  studs,  and  the  length  of  splits  is  less  restrictive 
for  Stud  grade  than  for  Standard  and  Better  grades.  These  results  are  based  on 
recovery  of  live,  recent  dead,  and  older  dead  logs  in  the  two  stud  mills,  one  in 
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Wyoming  and  the  other  in  Oregon.  The  most  common  product  was  the  2  x  4  PET 
stud  that  was  92-5/8  inches.  As  with  results  from  the  dimension  mills,  recovery  of 
lumber  was  affected  by  the  proximity  to  markets  for  chips.  The  Wyoming  mill  had 
two  headrigs— a  band  saw  and  a  four-saw  scragg— and  most  of  the  lumber  was 
produced  by  the  scragg.  All  material  from  the  headrigs  was  passed  through  a  bat- 
tery edger  and  was  sent  to  a  reclaim  area  where  lumber  could  be  ripped,  resawn, 
or  trimmed.  Because  the  Wyoming  mill  was  in  an  area  with  a  poor  market  for 
chips,  it  salvaged  as  much  lumber  as  was  reasonably  possible,  including  1  x  3. 
1x4,  and  2  x  2,  in  addition  to  studs.  The  Oregon  mill  had  a  four-saw  scragg  and 
a  combination  edger.  In  contrast  to  the  mill  in  Wyoming,  the  Oregon  mill  had  an 
excellent  (in-house)  market  for  chips;  therefore,  it  saved  only  2x3  and  2x4  studs. 

For  the  Oregon  study  the  live  and  recent  dead  samples  were  not  significantly  dif- 
ferent for  any  of  the  response  variables  analyzed,  but  the  combined  samples  of  live 
and  recent  dead  were  significantly  different  from  the  older  dead  (fig.  9).  Results  of 
the  Wyoming  study  showed  significant  differences  between  the  live  sample  and 
both  of  the  dead  samples  for  all  response  variables,  but  no  difference  was 
detected  between  the  two  classes  of  dead  (fig.  10). 

The  proportion  of  the  log  recovered  as  lumber  (LRF)  for  each  class  of  material  in 
the  Wyoming  study  was  higher  than  for  equivalent  classes  in  the  Oregon  study 
(table  6).  Salvaging  1-inch  boards  and  2  x  2's  increased  the  volume  of  lumber 
recovered  for  all  classes.^  Although  the  proportion  of  lumber  recovered  differed 
between  the  two  mills,  neither  mill  lost  much  recovery  when  the  dead  logs  were 
processed — about  0.4  cubic  foot  of  lumber  for  a  12-cubic-foot  log  (figs.  9A  and 
10A). 

In  the  Oregon  mill  there  was  little  change  in  lumber  grades  recovered  between  the 
live  and  dead  samples;  consequently,  there  was  only  a  small  decrease  in  S/MLT 
(table  6).  That  mill  made  no  attempt  to  increase  recovery  by  salvaging  small  or 
poor  quality  lumber  from  the  dead  logs.  Conversely,  the  Wyoming  mill  obtained 
higher  volume  recovery  from  the  dead  sample,  but  lower  grade  recovery  and  a  cor- 
responding lower  $/MLT.  By  salvaging  1-inch  boards  and  2  x  2's,  the  Wyoming  mill, 
when  compared  with  the  Oregon  mill:  (1)  recovered  more  lumber  for  a  given  log 
volume;  (2)  obtained  a  higher  average  value  for  the  lumber  recovered  from  the  live 
sample  (3  Common  and  Better  boards  are  worth  more  than  Studs);  and  (3)  ob- 
tained lower  average  quality  ($/MLT)  of  lumber  from  the  dead  sample— small  items 
from  the  dead  trees  were  of  very  low  grade.  Overall,  the  Wyoming  mill  recovered  a 
higher  total  value  for  both  live  and  dead  logs  than  the  Oregon  mill  (figs.  8D  and 
9D),  but  production  costs  for  salvaging  smaller  items  could  offset  those  values.  In 
locations  with  good  markets  for  chips,  the  net  value  of  chips  probably  exceeds  the 
net  value  of  small  and  low  quality  lumber. 


^  Some  of  this  increase  in  LRF  was  also  due  to  larger  diameters 
in  the  Wyoming  sample. 
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Figure  9.— Estimates  of  volume  and  value  of  lumber  and  chips  for 
a  mill  in  Oregon  producing  studs  from  live,  recent  dead,  and  older 
dead  lodgepole  pine:  A    Relationship  of  cubic  feet  of  rough  green 
lumber  to  cubic  feet  of  gross  log  volume;  B.  relationship  of  cubic 
feet  of  chippable  volume  to  cubic  feet  of  gross  log  volume;  C. 
relationship  of  value  of  surfaced-dry  lumber  to  cubic  feet  of  gross 
log  volume;  D.  relationship  of  value  of  lumber  and  chips  to  cubic 
feet  of  gross  log  volume. 
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Figure  10. — Estimates  of  volume  and  value  of  lumber  and  chips 
for  a  mill  in  Wyoming  producing  studs  from  live,  recent  dead,  and 
older  dead  lodgepole  pine:  A    Relationship  of  cubic  feet  of  rough 
green  lumber  to  cubic  feet  of  gross  log  volume:  B.  relationship  of 
cubic  feet  of  chippable  volume  to  cubic  feet  of  gross  log  volume; 
C.  relationship  of  value  of  surfaced-dry  lumber  to  cubic  feet  of 
gross  log  volume;  D.  relationship  of  value  of  lumber  and  chips  to 
cubic  feet  of  gross  log  volume. 
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Table  6— Average  recovery  by  lumber  grade,  average  value,  and  lumber  recovery 
factor  of  logs  from  live,  recent  dead,  and  older  dead  lodgepole  pine  trees  sawn 
in  stud  mills 


Core  Veneer 


Lumber  grades 

Average 

Lumber 

Study  location 

Economy 

value  of 

recovery 

and  tree  condition 

Stud  V 

Short  stud 

Stud  2/ 

1  umber 

factor 

Board  feet  per 

_  _  _  . 

-  -  Percent  -  ■ 

.  _  _  _ 

$/MLT 

cubic  foot 

Oregon: 

Live 

79 

4 

16 

92 

4.7 

Recent  dead 

75 

10 

15 

90 

4.9 

Older  dead 

75 

10 

15 

90 

4.5 

Wyoming: 

Live 

85 

8 

7 

96 

5.4 

Recent  dead 

68 

9 

23 

86 

5.2 

Older  dead 

63 

12 

25 

86 

5.1 

1/  Includes  about  7  percent  4  Common  and  Better  at  the  Wyoming  mill. 
y  Includes  less  than  1   percent  5  Common  at  the  Wyoming  mill. 

Core  veneer  is  used  in  the  manufacture  of  plywood.  It  is  used  for  the  center  in 
three-ply  panels,  or  more  commonly,  in  the  crossbands  of  five-ply  panels.  It  is 
generally  peeled  to  a  specified  thickness  ranging  from  0.160  to  0.205  inch.  Typical- 
ly, veneer  is  graded  C  or  D  for  core  stock,  but  the  distinction  between  the  grades 
in  this  study  was  not  critical  because  both  grades  were  priced  the  same.  The  size 
of  knots  or  knotholes  and  splits  are  the  key  factors  for  determining  grade;  stain  is 
not  important.  Because  limb  size  is  generally  small  in  lodgepole  pine,  splits  were 
the  most  important  factor  in  determining  grade  or  volume  loss. 

Results  are  based  on  a  study  of  live,  recent  dead,  and  older  dead  lodgepole  pine 
conducted  in  southern  Oregon  (Snellgrove  and  Ernst  1983).  For  this  study  veneer 
logs  were  bucked  into  8-foot  segments,  soaked  in  hot  water  in  preparation  for  peel- 
ing, and  rebucked  into  nominal  4-foot  (52-inch)  blocks.  Blocks  were  peeled  on  a 
high-speed  core  lathe  which  was  equipped  with  an  automatic  charger  that  chucked 
the  block  on  geometric  center.  Veneer  was  peeled  to  a  thickness  of  0.170  inch,  and 
spur  knives  were  set  at  50.5  inches.  The  clipper  was  set  to  clip  27  inches  auto- 
matically with  a  manual  override  for  clipping  out  defects.  Volume  of  veneer  was 
calculated  on  the  basis  of  green  untrimmed  veneer,  from  actual  length,  width,  and 
thickness.  Value  was  calculated  from  nominal  dimensions. 

There  was  a  small  but  statistically  significant  difference  in  intercepts  but  no  dif- 
ference in  slopes  between  the  live  and  recent  dead  samples  for  all  response 
variables  (fig.  11).  Both  curves  are  presented,  but  the  difference  between  them  is  of 
little  practical  importance.  The  older  dead  sample  was  significantly  and  practically 
different  in  slope  from  the  live  and  recent  dead  samples. 
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Figure  11.— Estimates  of  volume  and  value  of  veneer  and  chips  for 
a  mill  in  Oregon  producing  core  veneer  from  live,  recent  dead, 
and  older  dead  lodgepole  pine:  A   Relationship  of  cubic  feet  of 
green,  untrimmed  veneer  to  cubic  feet  of  gross  log  volume;  B. 
relationship  of  cubic  feet  of  chippable  volume  to  cubic  feet  of 
gross  log  volume;  C.  relationship  of  value  of  dry,  trimmed  veneer 
to  cubic  feet  of  gross  log  volume;  D.  relationship  of  value  of 
veneer  and  chips  to  cubic  feet  of  gross  log  volume. 
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Changes  in  volume  recovered  were  less  than  anticipated  (fig.  11A).  The  veneer 
from  the  dead  logs  did  not  fall  apart  at  checks,  and  blocks  did  not  break  apart  dur- 
ing peeling.  There  was  virtually  no  change  in  the  volume  recovered  between  live 
and  recent  dead,  but  recovery  from  older  dead  was  substantially  lower,  averaging 
about  30  percent  less.  The  volume  of  chips  recovered  (fig.  11B)  was  the  reciprocal 
of  the  recovery  of  green  veneer — more  chips  were  produced  from  dead  logs. 

Grade  recovery  did  not  appear  to  be  affected  by  time  since  death,  but  overall 
averages  were  93  percent  for  grade  C  and  7  percent  for  grade  D.  Because  C  and 
D  grades  of  veneer  are  used  interchangeably  for  core  stock  and  are  typically 
priced  the  same,  grade  recovery  was  not  critical  in  this  study.  Recovery  of  half- 
sheets  versus  random-width  veneer  did  appear  to  be  related  to  time  since  death. 
The  amount  of  half-sheets  decreased  from  84  percent  for  live  trees  to  79  percent 
for  recent  dead  and  69  percent  for  older  dead,  with  corresponding  increases  in  the 
amount  of  random-width  veneer. 


Application 


Figure  11C  shows  the  value  of  veneer  recovered  for  each  class,  and  figure  11D 
shows  the  value  of  veneer  plus  the  value  of  chips  recovered.  The  differences  be- 
tween classes  were  less  for  total  value  than  for  veneer  value  alone  because  the 
value  of  chips  recovered  offset  some  of  the  losses  in  veneer  volume. 

The  individual  estimates  of  recovery  contained  in  figures  6-11  are  useful,  but  they 
are  based  on  studies  at  particular  mills  which  somewhat  limits  their  applicability. 
We  think  the  relative  change  in  recovery  between  live  and  dead  timber,  then,  is  the 
most  useful  information  for  extrapolation  to  other  situations.  In  this  section  we  point 
out  some  cautions  about  using  the  data  indiscriminately,  illustrate  the  use  of  the 
equations  in  figures  6-11,  show  a  method  of  repricing  the  data,  and  conclude  by 
showing  how  to  interpret  the  information  to  determine  the  value  of  dead  timber  and 
how  to  choose  the  product  to  be  produced. 


Precautions 


Gross  cubic  scale  was  used  as  the  basis  for  log  volumes  'n  this  report;  estimates 
of  recovery  based  on  net  volumes  would  be  substantially  different.  Product  prices 
used  in  this  report  were  based  on  an  index  system  and  were  used  merely  to  show 
relative  differences  between  product  lines  and  time-since-death  classes.  For  deter- 
mination of  actual  values,  prices  must  be  adjusted  as  explained  on  page  21.  The 
product  values  reported  are  gross  values  and  do  not  include  any  costs. 


Estimating  Recovery 


Recovery  can  be  estimated  by  using  the  equations  from  figures  6-11.  The  average 
volume  for  logs  in  the  studies  was  about  12  cubic  feet.  Recovery  of  a  log  from  a 
live  tree  of  that  size  at  a  board  mill  (fig.  6)  would  be  as  follows: 

Lumber  volume     =     (0.07)(number  of  logs)  +  (0.507)(log  volume  in  cubic  feet) 
=     (0.07)(1)  +  (0.507)(12) 
=     6.1  cubic  feet. 


Chip  volume  =     (-0.14)(number  of  logs)  -i-  (0.403)(log  volume  in  cubic  feet) 

=     (-0.14)(1)  +  (0.403)(12) 
=     4.7  cubic  feet. 
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Repricing 


Lumber  value        =     (-0.298)(number  of  logs)  +  (1.119)(log  volume  in  cubic  feet) 
=     (-0.298)(1)  +  (1.119){12) 
-     $13.13. 

Total  value  =     (-0.334)(number  of  logs)  +  (1.313)(log  volume  in  cubic  feet) 

=     (-0.334)(1)  4-  (1.313)(12) 
=     $15.42. 

In  this  example,  thie  difference  between  the  volume  of  the  log  (12  cubic  feet)  and 
the  estimated  volume  of  lumber  plus  chips  (6.1   +  4.7  =  10.8  cubic  feet)  is  primari- 
ly sawdust.  We  predicted  cubic  feet  of  rough  green  lumber  because  our  experience 
indicates  that  recovery  based  on  rough  green  volumes  varies  little  among  mills  for 
the  same  product  and  the  same  log  size,  whereas  board-foot  recovery  can  vary 
substantially.  The  board-foot-per-cubic-foot  ratio  (Fahey  and  Snellgrove  1982)  can 
be  used  to  predict  board  feet  of  lumber.  This  ratio  would  vary  by  the  target  sizes  of 
the  mill  and  the  type  of  product.  For  mills  producing  1-inch  boards,  the  expected 
range  would  be  about  12  to  13  board  feet  per  cubic  foot  of  lumber;  for  dimension 
mills,  13  to  14;  and  for  stud  mills,  14  to  15. 

The  values  for  lumber  in  figures  6  to  10  of  this  report  can  be  easily  adjusted  to  any 
market  because  of  the  way  the  prices  were  originally  indexed.  The  procedure  is  to 
calculate  the  ratio  of  the  current  price  to  the  price  of  an  index  item  from  table  3. 
For  a  stud  mill  the  index  item  is  Stud  grade;  for  a  dimension  mill,  it  is  2  x  4  Stand- 
ard and  Better;  and  for  a  board  mill,  1  x  4,  3  Common.  Information  to  illustrate 
repricing  is  shown  in  the  following  tabulation: 


Product  line  and  item 


Studs: 

Stud 
Random  length  dimension: 

2x4,  Standard  and  Better 
Boards: 

1  x  4,  3  Common 


Index  prices 

100 
127 
106 


($/MBF) 


Current  prices 

185 
197 
175 


To  adjust  the  value  for  studs  to  reflect  current  prices,  divide  the  current  price 
($185  MBF)  by  the  index  price  ($100  MBF)  and  multiply  the  result  by  the  lumber 
value  calculated  from  the  appropriate  equation  from  figure  9  or  10. 

For  a  12-cubic-foot  log  at  the  Wyoming  stud  mill  (fig.  IOC): 

($185/$100)($5.06)   -  $9.36. 
For  a  12-cubic-foot  log  at  the  board  mill: 

($175/$106)($8.04)  =  $13.27 

To  reprice  chips,  simply  compute  the  volume  of  chips  and  apply  the  appropriate 
price  per  cunit. 
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jable  7— Percent  reduction  in  volume  and  value  for  recent  dead  and  older  dead  lodgepole  pine  logs 
compared  with  a  live  log  for  different  types  of  mills^ 


Board 

Dimension 

mill 

Stud 

mill 

Item  and  tree 

Veneer  mill 

condition 

Unit 

mill 

Montana 

Wyoming 

Oregon 

Wyoming 

Oregon 

Product  volume: 

Live  logs 

Cubic  feet 

5.2 

5.4 

5.7 

3.9 

4.4 

5.7 

Recent  dead  logs 

Percent 

-- 

-- 

-- 

0 

7 

12 

Older  dead  logs 

Percent 

31 

4 

0 

5 

7 

40 

Product  value: 

Live  logs 

Dollars 

13.13 

8.79 

8.44 

4.96 

6.14 

7.43 

Recent  dead  logs 

Percent 

-- 

— 

— 

0 

18 

12 

Older  dead  logs 

Percent 

39 

31 

18 

7 

18 

40 

Value  of  product 

and  chips: 

Live  logs 

Dollars 

15.39 

11.82 

10.50 

8.43 

9.21 

10.44 

Recent  dead  logs 

Percent 

— 

-- 

-- 

0 

9 

5 

Older  dead  logs 

Percent 

26 

21 

14 

2 

9 

18 

V  The  comparison  is  based  on  a  12-cubic-foot  log. 
years  or  longer. 


Recent  dead  =  dead  2  years  or  less;  older  dead  =  dead  3 


Interpretation 


The  estimated  recovery  for  a  12-cubic-foot  live  log  is  presented  in  table  7  by  mill 
type.  The  estimates  can  be  used  to  illustrate  relative  changes  in  recovery  between 
live  and  dead  timber.  The  board  mill,  for  example,  lost  31  percent  of  lumber  volume 
from  live  to  older  dead  but  lost  39  percent  of  lumber  value.  Those  losses  were  off- 
set somewhat  by  the  increase  in  recovery  of  chips  so  that  the  total  value  of  dead 
timber  was  about  26  percent  less  than  green  timber.  The  stud  mill  in  Wyoming, 
which  produced  and  saved  small-size  items,  lost  9  percent  of  total  value  but  the 
Oregon  stud  mill  lost  only  2  percent.  At  the  veneer  mill  the  loss  in  total  value  was 
about  5  percent  between  live  and  recent  dead  but  about  18  percent  between  live 
and  older  dead.  Be  aware  that  the  percentage  change  in  recovery  varies  by  size  of 
log  as  well  as  by  type  of  product;  for  a  20-cubic-foot  log,  the  board  mill  lost  23  per- 
cent of  lumber  volume  from  live  to  older  dead  but  49  percent  of  lumber  value, 
resulting  in  about  a  35-percent  loss  in  total  value. 


An  advantage  of  using  the  relative  change  in  recovery  is  that  it  should  provide 
reasonable  answers  regardless  of  whether  the  recovery  was  based  on  board-foot  or 
cubic-foot  volumes.  To  use  these  data,  a  manager  would  need  to  know  the 
recovery  from  live  timber.  This  recovery  can  then  be  adjusted,  for  a  given  log  size, 
by  the  percentage  change  in  recovery  as  calculated  from  figures  6-11  (illustrated  in 
table  3). 
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Information  in  this  report  can  also  be  used  to  determine  products  to  be  manufac- 
tured from  live  and  dead  timber  To  illustrate,  we  assume  that  a  band  mill  has  the 
option  of  producing  either  boards  or  dimension  lumber  Recovery  based  on  either 
volume  or  value  could  be  used  in  the  decision.  When  boards  are  produced  from 
dead  timber,  the  value  of  the  lumber  decreases  and  chip  volume  increases.  For  a 
12-cubic-foot  log  at  a  board  mill  (table  7)  this  would  result  in  a  26-percent  decrease 
in  total  value.  When  dimension  lumber  is  produced  from  the  same  size  log,  this 
band  mill  should  lose  about  the  same  total  value  as  the  dimension  mill  in  Wyoming 
(14  percent).  In  our  example  we  used  the  Wyoming  mill  because,  at  that  mill,  the 
log  could  be  positioned  for  sawing.  Because  it  costs  more  to  manufacture  boards 
than  dimension,  it  appears  that  a  band  mill  would  maximize  profit  by  sawing 
dimension  lumber  from  dead  timber  but  might  be  able  to  return  a  higher  profit  by 
sawing  boards  from  live  timber 


etric  Equivalents 


1  inch  =  2.54  centimeters 

1  foot  =  0.3048  meter 

1  cubic  foot  =  0.02832  cubic  meter 

1  pound  =  453.6  grams 

1  ton  =  0.907185  metric  ton 
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Appendix 

Mill  type,  location, 

Recent 

Statistical  Summary 

and  response  variable 

Live 

logs  V 

dead 

logs  ^1 

Older  ( 

jead  logs  ^i 

r2 

Sy  X 

r2 

Sy-x 

r2 

Sy  X 

Board  mill  (Montana): 

Lumber  volume 

0.79 

0.18 

~ 

~ 

0.69 

0.22 

Chip  volume 

.62 

.28 

~ 

- 

.85 

.20 

Lumber  value 

.72 

.12 

~ 

~ 

.28 

.32 

Total 

.84 

.16 

- 

~ 

.60 

.20 

Dimension  mill  (Montana): 

Lumber  volume 

.82 

.23 

- 

- 

.82 

.23 

Chip  volume 

.85 

.19 

- 

~ 

.85 

.19 

Lumber  value 

.77 

.28 

- 

~ 

.52 

.42 

Total  value 

.90 

.17 

~ 

- 

.74 

.26 

Dimension  mill  (Wyoming): 

Lumber  volume 

.86 

.28 

- 

~ 

.86 

.28 

Chip  volume 

.78 

.37 

~ 

~ 

.78 

.37 

Lumber  value 

.80 

.38 

~ 

~ 

.85 

.34 

Total 

.90 

.24 

- 

~ 

.94 

.20 

Stud  mill  (Oregon): 

Lumber  volume 

.93 

.23 

0.93 

0.23 

.80 

.35 

Chip  volume 

.97 

.15 

.97 

.15 

.86 

.30 

Lumber  value 

.90 

.29 

.91 

.29 

.77 

.39 

Total  value 

.98 

.12 

.98 

.12 

.87 

.27 

Stud  mill  (Wyoming): 

Lumber  volume 

.95 

.18 

.92 

.24 

.92 

.24 

Chip  volume 

.95 

.16 

.94 

.19 

.94 

.19 

Lumber  value 

.94 

.21 

.90 

.27 

.90 

.27 

Total  value 

.99 

.09 

.98 

.10 

.98 

.10 

Veneer  mill  (Oregon): 

Lumber  volume 

.94 

.18 

.94 

.18 

.76 

.35 

Chip  volume 

.90 

.18 

.90 

.18 

.89 

.16 

Lumber  value 

.94 

.14 

.94 

.14 

.76 

.35 

Total  value 

.98 

.09 

.98 

.09 

.95 

.12 

''  r2  is  the  coefficient  of  determination;  s^,.,  is  tfie  standard  devia- 
tion from  regression. 
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Fahey,  Thomas  D.;  Snellgrove,  Thomas  A.;  Plank,  Marlin  E.  Changes  in 
product  recovery  between  live  and  dead  lodgepole  pine;  a  compendium. 
Res.  Pap.  PNW-353.  Portland,  OR:  U.S.  Department  of  Agriculture,  Forest 
Service,  Pacific  Northwest  Research  Station;  1986.  25  p. 

Six  studies  were  used  to  compare  differences  in  recovery  of  volume  and 
value  among  live,  recent  dead,  and  older  dead  lodgepole  pine  {Pinus  contorta 
Dougl.  ex  Loud.)  in  the  Western  United  States.  The  products  studied  included 
boards,  random-length  dimension,  studs,  and  veneer  For  the  average  size  log 
(12  cubic  feet)  absolute  values  were  highest  for  boards,  followed  by  dimen- 
sion, veneer,  and  studs  for  both  live  and  dead  timber  The  percentage  change 
in  value  from  live  to  dead,  however,  showed  the  reverse  order;  studs  lost  the 
least  value  and  boards  the  most. 

Keywords:  Lumber  recovery,  veneer  recovery,  dead  timber,  lodgepole  pine, 
Pinus  contorta. 


The  Forest  Service  of  the  U.S.  Department  of 
Agriculture  is  dedicated  to  the  principle  of  multiple 
use  management  of  the  Nation's  forest  resources 
for  sustained  yields  of  wood,  water,  forage,  wildlife, 
and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest 
owners,  and  management  of  the  National  Forests 
and  National  Grasslands,  it  strives  —  as  directed  by 
Congress  —  to  provide  increasingly  greater  service 
to  a  growing  Nation. 

The  U.S.  Department  of  Agriculture  is  an  Equal 
Opportunity  Employer.  Applicants  for  all  Department 
programs  will  be  given  equal  consideration  without 
regard  to  age,  race,  color,  sex,  religion,  or  national 
origin. 
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AL 
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GA 
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KY 
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LA 
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MS 
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NC 
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OK 

Oklahonna 

SC 
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TN 

Tennessee 

TX 
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VA 

Virginia 

SO 

South 

US 

United  States 
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PAP       Paper  and  Allied 

Products 
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Abstract 


Schallau,  Con  H;  Maki,  Wilbur  R.;  Foster,  Bennett  B.;  Redmond,  Clair  H. 

Kentucky's  forest  products  industry:  performance  and  contribution  to  the  state's 
economy,  1970  to  1980.  Res.  Pap.  PNW-354.  Portland,  OR;  U.S.  Department  of 
Agriculture,  Forest  Service,  Pacific  Northwest  Research  Station;  1986.  22  p. 

Employment  and  earnings  in  Kentucky's  forest  products  industry,  like  those  of  most 
Southern  States,  grew  significantly  between  1970  and  1980.  In  fact,  Kentucky's 
share  of  the  Nation's  forest  products  employment  and  earnings  increased  during 
this  period.  In  1980,  lumber  and  wood  products  accounted  for  the  largest  share  of 
the  industry's  employment,  but  paper  and  allied  products  had  more  earnings.  Fur- 
thermore, in  1977,  pulp  and  allied  products  had  higher  productivity  than  either 
lumber  and  wood  products,  or  wood  furniture. 

Keywords:  Forest  products  industries,  economics  (forest  products  industries), 
Kentucky. 


Preface 


Kentucky's  forest  products  industry,  with  the  exception  of  wood  furniture,  experi- 
enced significant  growth  during  the  1970's.  This  resurgence  resulted  from  the  in- 
creasing size  and  amount  of  timber,  investment  in  new  plants  and  equipment,  and 
a  growing  demand  for  Kentucky's  forest  products. 


This  report  briefly  describes  Kentucky's  forest  products  industry— its  composition, 
location,  evolution,  and  relation  to  economic  activity  elsewhere  in  the  State,  the 
South,  and  the  Nation. 

Estimates  of  employment  and  earnings  shown  in  this  report  were  derived  from  U.S. 
Department  of  Commerce  data.  All  references  to  dollar  amounts  are  in  constant 
1977  dollars. 

This  is  one  in  a  series  of  reports  for  each  of  the  13  Southern  States.  These  reports 
are  companions  to  an  analysis  of  the  changing  roles  of  the  forest  products  in- 
dustries of  the  South  and  the  Pacific  Northwest. 


Highlights 


•  In  the  State's  nonmetropolitan  substate  planning  and  development  districts,  the 
forest  products  industry  is  an  important  basic  industry. 


•  During  the  1970's,  Kentucky  increased  its  share  of  the  Nation's  forest  products 
industry  employment  and  earnings.  Forest  products  industry  employment  in- 
creased by  12  percent  between  1970  and  1980.  This  rate  was  three  times  that  for 
the  Nation  and  fifth  highest  among  the  13  Southern  States. 

•  Lumber  and  wood  products  is  the  largest  component  of  the  State's  forest  pro- 
ducts industry  in  terms  of  employment  and  a  close  second  to  paper  and  allied 
products  in  terms  of  earnings. 


•  Paper  and  allied  products  accounted  for  the  majority  of  value  added  in  1977  and 
was  the  fastest  growing  segment  of  Kentucky's  forest  products  industry  in  terms 
of  employment  and  earnings. 


•  In  1980  average  annual  earnings  of  Kentucky's  forest  products  industry  was 
equal  to  the  average  for  the  South,  but  lower  than  the  national  average.  The  dif- 
ference was  particularly  significant  with  regard  to  paper  and  allied  products.  For 
this  segment  of  the  forest  products  industry,  Kentucky's  earnings  were  11  per- 
cent less  than  the  average  for  the  Nation.  This  differential,  of  course,  provides 
Kentucky  with  a  comparative  advantage  in  a  very  competitive  industry. 

•  Between  1972  and  1977,  productivity  of  Kentucky's  forest  products  industry 
(measured  in  terms  of  value  added  minus  payroll,  per  worker  hour)  increased  by 
nearly  one-third.  This  rate  of  change  exceeded  the  average  for  all  Southern 
States.  In  fact,  Kentucky  tied  for  fifth  place  among  the  13  Southern  States. 

•  In  1977,  productivity  of  paper  and  allied  products  was  twice  that  of  the  average 
for  the  State's  forest  products  industry.  Between  1972  and  1977,  it  also  exhibited 
a  greater  increase  in  productivity. 
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The  Forest  Products 
Economy  of 
Kentucky 

The  State's  Workforce 


Kentucky's  estimated  full-  and  part-time  workforce  in  1980  was  comprised  of  an 
estimated  1.5  million  employees  and  proprietors  (see  appendix  tables  for  sources  of 
employment  and  earnings  data).  Kentucky's  workforce  grew  sligfitly  slower  between 
1970  and  1980  than  did  the  national  average  (20.2  percent  versus  22.3  percent), 
but  total  earnings— wage  and  salary  payments  and  proprietorial  income— grew 
faster  than  the  national  average.  Measured  in  constant  1977  dollars,  the  State's  earn- 
ings increased  by  30.6  percent  as  compared  to  27.4  percent  for  the  Nation.  As 
can  be  seen  in  the  following  tabulation,  manufacturing,  services,  retail  trade,  and 
State  and  local  government  were  the  State's  four  largest  employer  categories. 


Employers 


Percent  of  total  employment, 
1980 


Kentucky 


U.S. 


Major  industries: 
Manufacturing  (including  the 

forest  products  industry) 
Services 
Retail  trade 

State  and  local  government 
Agriculture 
Nonfarm  proprietors 
Transportation,  communication, 

and  public  utilities 
Wholesale  trade 
Construction 
Federal  military 


17.88 

14.61 

12.88 

11.91 

9.98 

755 

4.53 
4.00 
3.75 
3.50 


19.15 

18.22 

14.18 

12.56 

4.39 

6.58 

4.84 
4.97 
4.08 
2.30 


Subtotal 
All  other  industries 
Total 


90.59 

9.41 

100.00 


91.27 

8.73 
100.00 


Components  of  the  Along  with  total  employment  there  is  another  and  perhaps  more  important  way  to 

State's  Economic  Base        to  judge  an  industry's  contribution  to  Kentucky's  economy.  For  the  State's  economy 

to  grow  and  develop,  it  must  attract  new  dollars  so  residents  can  buy  goods  and 
services  produced  elsewhere.  The  industries  that  export  products  and  services 
beyond  local  boundaries  (that  is,  to  elsewhere  in  the  State,  to  other  States,  and  to 
the  world)  and  bring  in  new  dollars,  constitute  the  area's  economic  base.  Generally 
speaking,  most  manufacturing  employment  is  classified  as  "economic  base"  (or 
"basic"),  while  service  or  residentiary  employment  (for  example,  barber  shops,  real- 
ty firms,  schools,  and  local  government)  is  primarily  geared  to  producing  for  local 
needs.  Some  services  however,  may  be  basic.  The  federal  military,  for  example, 
provides  national  defense  services  for  all  of  the  Nation's  citizens.  Furthermore, 
taxpayers  outside  Kentucky  help  support  this  activity;  consequently.  Federal  military 
qualifies  as  a  basic  industry. 

Residentiary  employment  is  supported  by  the  economic  base.  Money  flowing  in 
provides  income  for  wage  earners  and  entrepreneurs  to  spend  on  locally  pur- 
chased goods  and  services.  In  most  cases,  the  economic  growth  of  a  region  is 
dependent  upon  the  success  of  its  economic  base. 

We  used  the  excess  employment  technique  to  identify  the  industries  that  comprise 
Kentucky's  (or  a  substate  district's)  economic  base.  This  approach  accepts  the  na- 
tional distribution  of  employment  among  industries  as  a  norm.  Any  industry  with 
employment  in  excess  of  this  norm  is  considered  to  be  producing  for  export 
markets  outside  the  State  (or  substate  district)  and  is  part  of  Kentucky's  economic 
base.  The  percentage  of  Kentucky's  excess  employment  served  as  an  indicator  of 
the  State's  dependency  on  a  particular  industry  for  generating  new  dollars  from 
outside  the  State.  The  percentage  associated  with  the  forest  products  industry  is 
defined  as  the  timber-dependency  indicator.  Table  2  shows  how  excess  employment! 
and  industry  dependency  indicators  for  Kentucky  were  calculated.  A  particular  in- 
dustry may  be  basic  at  the  local  level  but  not  at  the  state  level. 

In  1980,  ten  industries  accounted  for  98  percent  of  the  State's  excess 
employment— that  is,  its  economic  base  (see  tabulation  below).  Though  these  same' 
industries  accounted  for  only  a  slightly  smaller  share  (97.75  percent)  in  1970,  the 
change  in  shares  of  certain  individual  industries  is  noteworthy.  Agriculture  is  the 
largest  component  of  the  State's  economic  base.  By  the  end  of  the  1970's 
agriculture  was,  however,  considerably  less  important  than  at  the  beginning.  On  the) 
other  hand,  the  State's  second  largest  basic  industry— coal  mining— experienced  a  i 
sizeable  gain  in  importance,  reflecting  the  Nation's  attempts  to  achieve  energy 
self-sufficiency. 


Crosshauling  of  goods  and  services  among  States  and  regions  can  influence  the 
importance  of  a  particular  industry;  for  example,  an  industry  may  be  exporting 
beyond  a  State's  boundaries  at  the  same  time  its  products  are  being  imported  from 
outside  the  State.  If  the  dollar  value  of  imported  goods  or  services  equals  or  ex- 
ceeds that  produced  locally,  the  industry  does  not  qualify  as  basic  because  this  in- 
dustry is  not  earning  net  new  dollars  from  the  outside  world.  It  is  common  for  a 
local  industry  to  produce  in  excess  of  local  needs  while  the  State  must  import 
more  of  the  same  to  satisfy  all  of  its  requirements.  An  example  is  Kentucky's  forest 
products  industry.  Hardwood  products  are  exported  to  customers  outside  Kentucky, 
while  the  State  imports  larger  amounts  of  softwood  lumber  and  paper  products.  At 
the  state  level  the  forest  products  industry  therefore  does  not  account  for  any  of 
Kentucky's  excess  employment.  We  take  this  to  mean  that  Kentucky  is  a  net  im- 
porter of  forest  products.  We  shall  see  later  that  the  forest  products  industry  is, 
however,  an  important  basic  industry  in  most  of  the  State's  rural  substate  districts. 


Dependency  indicator 


Economic  base  industries 

Agriculture 

Coal  mining 

Federal  military 

Nonfarm  proprietors 

Tobacco 

Apparel  and  other  textiles 

Railroad  transportation 

Electrical  machinery 

Machinery,  except  electrical 

Primary  metals 


1970 


1980 


(Percent  of  economic  base) 

53.00  43.14 

11.22  21.34 

9.01  8.92 

5.95  7.06 

6.75  4.54 

3.56  4.51 

3.70  4.31 

4.56  2.39 

—  1.27 

—  .83 


Subtotal 
All  other  basic  industries 


9775 
2.25 


98.31 
1.69 


Total 


100.00 


100.00 


Geographical 
Importance  of  the 
State's  Forest  Products 
Industry 


Although  the  forest  products  industry^  does  not  qualify  as  a  basic  industry  for  the 
State  as  a  whole,  this  industry  is  an  important  component  of  the  economic  base  of 
most  substate  districts  (see  Appendix  2  for  a  listing  of  counties  by  district). 
Generally  speaking,  the  forest  products  industry  is  less  important  in  those  portions 
of  the  State  dominated  by  metropolitan  areas.  Timber  dependency  changed  in 
several  substate  areas:  five  were  more  dependent  and  five  were  less  dependent  in 
1980  than  in  1970. 


^  For  the  purposes  of  this  analysis,  the  forest  products  industry 
is  comprised  of  (1)  lumber  and  wood  products  (SIC  24),  except 
mobile  homes  (SIC  2451);  and  (2)  wood  furniture  manufacturing 
(SIC  2511,  2512,  2517,  2521,  2541)  and  paper  and  allied  products 
(SIC  26). 


COVINGTON 

LEXINGTON 


BOWLING  GREEN 


LEGEND 


DANVILLE 


Dependency  -  Indicator 


-  no  dependency 
-less  than  10.0 


Dependency -change  1970-80 


a 


D 


O 


no  change 

increase 

decrease 


Number  designates  substate 
planning  and  development 
districts  (see  Appendix  2). 


Source:  Substate  estimates  for  1970  and  1980  were  de- 
rived from  unpublished  county  data  series  provided  by  the 
U.S.  Department  of  Commerce,  Regional  Economic  Infor- 
mation System,  Washington,  DC;  and  from  the  Depart- 
ment's County  Business  Patterns.  The  numbers  used  to 
designate  substate  districts  correspond  to  the  geograph- 
ical classification  of  counties  as  shown  in  Appendix  2. 


Composition  of  the 
State's  Forest  Products 
Industry 


Kentucky's  forest  products  industry  is  comprised  of  paper  and  allied  products, 
lumber  and  wood  products  (not  including  mobile  homes),  and  wood  furniture.  In 
1980,  lumber  and  wood  products  accounted  for  thie  largest  share  of  approximately 
20,000  workers  employed  by  Kentucky's  forest  products  industry.  Paper  and  allied 
products  also  had  a  slightly  larger  share  of  1980  earnings. 


Paper  and  allied  products  employment  increased  substantially  during  the  1970's.  In 
fact,  growth  in  this  segment  was  significantly  greater  than  the  average  for  all  in- 
dustries in  the  Nation  (22.3  percent).  Meanwhile,  employment  in  wood  furniture, 
which  is  the  smallest  component  of  the  forest  products  industry  in  Kentucky, 
dropped  significantly  between  1970  and  1980.  During  this  period,  earnings  also 
decreased  for  wood  furniture.  Earnings  in  the  other  two  components  increased 
much  more  rapidly  than  the  average  for  all  industries  (27.4  percent). 


1980  Employment— 19,539 


WF 


1980  Earnings— $251  million 

WF 


Numbers  in  parentheses  show  percentage  of  change 
from  1970  to  1980. 


Average  Annual 
Earnings  per  Worker 


Average  annual  1980  earnings  per  worker  in  paper  and  allied  products  were 
greater  than  were  earnings  in  the  other  two  components.  Higher  average  skill 
levels,  capital  investment  per  worker,  and  unions  account  for  this  difference.  Earn- 
ings in  wood  furniture  were  nearly  30  percent  less  than  those  for  paper  and  allied 
products,  and  significantly  below  the  average  for  all  forest  products  industries  in 
the  South  and  the  United  States. 


Average  annual  earnings  in  Kentucky's  forest  products  industry  were  nearly  the 
same  as  the  average  for  the  South.  Growth  in  earnings  was  much  greater  for  Ken- 
tucky than  for  the  South  and  the  Nation.  Growth  of  earnings  for  lumber  and  wood 
products  was  nearly  a  third  greater  than  for  either  of  the  remaining  components  in 
Kentucky,  the  South,  and  the  United  States. 


KY/PAP 


0         2,000      4,000     6,000      8,000      10,000    12,000   14,000    16,000   18,000 
Average  annual  earnings  (doilars) 


Numbers  in  bars  show  percentage  of  change  from  1970 
to  1980. 


Value  Added  by  the 
Forest  Products  Industry 


Value  added  by  manufacturing  represents  inconne  payments  made  directly  to 
workers  and  business  owners.  It  is  equal  to  the  value  of  shipments  less  the  cost  of 
materials,  parts,  supplies,  fuel,  goods  purchased  for  resale,  electric  energy,  and 
contract  work.  Unlike  value  of  shipments,  value  added  avoids  double  counting. 
Consequently,  value  added  by  manufacturing  is  considered  the  best  monetary 
gauge  of  the  relative  economic  importance  of  a  manufacturing  industry. 


In  1977,  paper  and  allied  products  accounted  for  more  than  half  of  the  $353  million 
of  the  value  added  by  Kentucky's  forest  products  industry.  Between  1972  and  1977, 
the  value  added  by  paper  and  allied  products  grew.  Value  added  decreased  in  the 
wood  furniture  and  the  lumber  and  wood  products  industries. 


Numbers  in  parentheses  show  percentage  of  change 
from  1972  to  1977. 


Capital  Productivity 


Increases  in  productivity  are  necessary  for  an  industry  to  remain  competitive  in  the 
marketplace.  Capital  productivity  of  an  industry  is  measured  in  terms  of  value  add- 
ed less  payrolls  per  worker  hour— VAMP  (see  table  3  for  an  explanation  of  how 
capital  productivity  was  calculated  for  Kentucky's  forest  products  industry).  This 
measure  of  productivity  adjusts  for  wide  differences  in  payroll  among  industries 
and  represents  the  return  to  capital  investment  and  entrepreneurship. 


Not  surprisingly,  paper  and  allied  products  had  by  far  the  highest  productivity  in 
Kentucky's  forest  products  industry.  Productivity  per  worker  hour  was  twice  the 
average  for  the  State's  forest  products  industry.  Paper  and  allied  products  is  more 
capital  intensive  and  in  the  past  has  attracted  considerable  investment  in  new 
facilities  and  equipment.  During  the  mid-1970's,  this  component  exhibited  a  larger 
gain  in  productivity  than  did  either  wood  furniture  or  lumber  and  wood  products. 
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Numbers  in  bars  show  percentage  of  change  from  1972 
to  1977. 


The  Forest  Products 
Industry  in  the 
South 

Importance  of  the 
Industry  Across  the 
South 


The  dependency  indicators  suggest  that  in  1980  all  but  four  States  in  the  South 
manufactured  forest  products  in  excess  of  statewide  needs.  Kentucky,  in  addition  to 
Florida,  Oklahoma,  and  Texas,  was  not  self-sufficient  with  respect  to  forest  pro- 
ducts. That  is,  these  States  imported  more  forest  products,  in  terms  of  value,  than 
they  exported.  Consequently,  on  net  balance,  their  respective  forest  products  in- 
dustries did  not  generate  new  dollars  from  the  outside.  On  the  other  hand,  in  three 
States— Arkansas,  Mississippi  and  North  Carolina— the  forest  products  industry  ac- 
counted for  approximately  1  out  of  6  basic  employees. 


LA      SC      SO      VA      GA      TN      AL      NO      MS      AR 
State  or  region 


Industry  Composition  Lumber  and  wood  products  accounted  for  a  larger  share  of  Kentucky's  1980  forest 

products  industry  employment  than  it  did  for  either  the  South  or  the  Nation. 
Although  paper  and  allied  products  employment  was  less  important  in  Kentucky 
than  for  the  Nation,  its  growth  in  Kentucky  was  much  greater  than  in  either  the 
South  or  the  Nation. 

In  terms  of  earnings,  the  composition  of  Kentucky's  forest  products  industry  closely 
resembled  that  of  the  Nation,  but  growth  in  earnings  in  lumber  and  wood  products 
and  paper  and  allied  products— particularly  the  latter— was  more  than  for  the  Na- 
tion. The  more  limited  importance— in  terms  of  both  employment  and  earnings — 
and  the  negative  growth  of  earnings  distinguished  Kentucky's  wood  furniture 
manufacturing  from  both  the  South  and  the  Nation. 
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KENTUCKY 

1980  Employment— 19,539  1980  Earnings— $251  million 


WF 


THE  SOUTH 

1980  Employment— 620,567  1980  Earnings— $7.96  billion 


LWP 
(+8) 


UNITED  STATES 

1980  Employment— 1,634,000  1980  Earnings— $23.65  billion 


PAP 

(-2) 


Numbers  in  parentheses  show  percentage  of  change 
from  1970  to  1980. 


Growth  of  Employment 


With  the  exception  of  Arkansas  and  Louisiana,  forest  products  industry  employment 
in  each  of  the  Southern  States  from  1970  to  1980  grew  faster  than  did  the  U.S. 
counterpart.  Employment  in  two  States— Oklahoma,  and  Texas— grew  faster  than 
the  all-industry  average  of  22.3  percent.  Employment  growth  in  Kentucky's  forest 
products  industry  was  three  times  the  national  rate  and  ranked  fifth  among  the  13 
Southern  States. 


20  percent  or  more 

I// 


10  to  19.9  percent 


0  to  9.9  percent 
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Average  Annual 
Earnings 


Average  annual  earnings  per  worker  in  the  forest  products  industry  differed 
significantly  by  State  in  1980:  Approximately  $5,000  separated  the  State  with  the 
highest— Louisiana— from  the  State  with  the  lowest— North  Carolina.  Paper  and 
allied  products,  which  has  traditionally  paid  higher  wages  than  have  other  forest 
products  industries,  dominated  Louisiana's  forest  products  industry.  Wood  furniture, 
which  has  paid  lower  average  wages,  dominated  North  Carolina's  industry. 

Average  annual  forest  products  industry  earnings  in  Kentucky's  forest  products  in- 
dustry were  nearly  the  same  as  for  the  South,  but  less  than  for  the  Nation.  The  lat- 
ter comparison  is  particularly  significant  with  regard  to  paper  and  allied  products: 
For  this  segment  of  the  forest  products  industry,  Kentucky's  earnings  were  11  per- 
cent less  than  the  average  for  the  Nation.  From  a  cost  standpoint,  this  differential 
provides  Kentucky  with  a  comparative  advantage  in  a  very  competitive  industry. 

Generally  speaking,  paper  and  allied  products  dominated  the  forest  products  in- 
dustry in  the  States  with  the  highest  average  annual  earnings.  This  relationship 
reflects  higher  job  skills  and  unions  in  the  paper  industry.  Wages,  by  and  large, 
were  the  lowest  in  those  States  where  labor-intensive  wood  furniture  was  more 
important. 
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Shift  in  Employment  and     The  regional  shift  shows  how  much  more  or  less  employment  and  earnings  a  State 
Earnings  would  have  had  in  the  forest  products  industry  in  1980  had  the  industry  grown  at 

the  national  rate.  For  example,  Kentucky  had  approximately  1,200  more  employees 
in  1980  than  it  would  have  had  if  its  forest  products  industry  had  grown  at  the  na- 
tional rate. 

Between  1970  and  1980,  total  employment  in  the  forest  products  industry  increased 
in  every  Southern  State  except  Louisiana  and  Arkansas.  Moreover,  all  but  these 
two  States  increased  their  share  of  the  Nation's  forest  products  industry  employ- 
ment, and  all  States  except  Louisiana  increased  their  share  of  earnings. 

Increased  shares  of  employment  and  earnings  reflect  the  comparative  advantage 
the  South's  forest  products  industry  enjoyed  over  this  industry  in  the  rest  of  the  Na- 
tion. Several  factors  (for  example,  relatively  lower  labor  costs,  lower  raw  materials 
costs,  and  closer  proximity  to  markets)  might  account  for  a  region's  comparative 
advantage,  although  adverse  trends  with  respect  to  one  factor  need  not  reduce  a 
region's  advantage.  In  the  case  of  the  South,  for  instance,  increasing  labor  costs 
need  not  adversely  affect  its  comparative  advantage  if  increased  capital  or  labor 
productivity  offsets  higher  labor  costs. 
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Value  Added  by  the 
Forest  Products  Industry 


In  1977,  the  forest  products  industry  of  North  Carolina  produced  more  value  added 
than  that  of  any  other  State  in  the  South.  Georgia  was  second  among  the  13 
Southern  States,  followed  by  Alabama.  Texas  was  not  only  one  of  the  leading 
states  in  terms  of  total  value  added,  it  also  led  the  South  in  terms  of  the  change  in 
value  added  between  1972  and  1977.  Kentucky's  forest  products  industry  produced 
less  value  added  in  1977  than  in  1972.  This  can  be  attributed  to  the  decline  in 
secondary  processing  during  the  1970's.-?/   Later  we  shall  see  that  its  gain  in  pro- 
ductivity exceeded  all  but  four  Southern  States. 


^  McCoy,  Daniel  R.,  and  Sun  Joseph  Chang.  The  secondary 
wood-using  industries  in  Kentucl<y;  an  economic  analysis.  Agric. 
Exp.  Stn.  Bull.  719.  Lexington,  KY:  University  of  Kentucky, 
Department  of  Forestry;  1983.  68  p. 
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Capital  Productivity 


The  paper  and  allied  products,  which  is  more  capital-intensive  and,  therefore,  more 
susceptible  to  technological  change  than  other  forest  products  industries,  exhibited 
the  highest  productivity  within  the  forest  products  industry.  Wood  furniture,  on  the 
other  hand,  is  the  most  labor-intensive  of  the  three.  North  Carolina,  for  example, 
produced  more  value  added  than  any  other  state  in  the  South,  but  the  productivity 
of  its  forest  products  industry  in  1977  was  the  lowest.  This  reflects  the  role  of  labor- 
intensive  wood  furniture  in  North  Carolina. 


Increases  in  productivity  exceeded  increases  in  payroll  per  worker  between  1972 
and  1977  for  all  the  Southern  States.  This  relationship  is  in  part  responsible  for  the 
South's  comparative  advantage  in  the  forest  products  industry. 

Between  1972  and  1977,  the  productivity  of  Kentucky's  forest  products  industry  in- 
creased by  nearly  one-third.  This  rate  of  change  exceeded  the  average  for  all 
Southern  States  as  well  as  that  for  all  U.S.  manufacturing.  Kentucky  tied  for  fifth 
place  among  the  13  Southern  States. 
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Numbers  in  bars  show  percentage  of  change  from  1972 
to  1977. 
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Appendix  1 

Tables 


Table  1— Total  labor  and  proprietorial  employment  and  income,  by  industry, 
Kentucky,  1980  ^ 


Industry 
number 


Industry 


Employees 


Total 
income 


Wage  and  salary 


Number 


1 

Agriculture 

26,201 

2 

Agricultural  services,  forestry. 

and  fisheries 

6,067 

3 

Coal  mining 

47,319 

4 

Oil  and  gas  extraction 

2,877 

5 

Metal  mining 

23 

6 

Nonmetallic  minerals 

2,525 

7 

Construction 

57,926 

8 

Food  and  kindred  products 

21,793 

9 

Tobacco 

10,280 

10 

Textile  mill  production 

6,540 

11 

Apparel  and  other  textiles 

27,743 

12 

Paper  and  allied  products^ 

7,364 

13 

Printing  and  publishing 

14,390 

14 

Chemical  and  allied  products 

15,767 

15 

Petroleum  refining 

3,686 

16 

Rubber  and  miscellaneous  plastics 

9,670 

17 

Leather  and  leather  products 

4,041 

18 

Lumber  and  wood  products,  except 

mobile  homes-^ 

9,306 

19 

Mobile  homes 

76 

20 

Wood  furniture^ 

2,869 

21 

Other  furniture  and  fixtures 

2,332 

22 

Stone,  clay  and  glass  products 

9,270 

23 

Primary  metals 

18,534 

24 

Fabricated  metals 

18,490 

25 

Machinery,  excluding  electrical 

39,057 

26 

Electrical  machinery 

35,766 

27 

Transportation  equipment  except 

motor  vehicle 

1,875 

28 

Motor  vehicles 

9,877 

29 

Ordnance "/ 

0 

30 

Instruments  and  related  equipment 

3,571 

31 

Miscellaneous  manufacturing 

4,060 

32 

Railroad  transportation 

16,612 

33 

Trucking  and  warehousing 

16,672 

34 

Local  transit 

1,810 

35 

Air  transportation 

1,763 

36 

Pipeline  transportation 

168 

See  footnotes  at  end  of  table. 


Table  1— Total  labor  and  proprietorial  employment  and  income,  by  industry, 
Kentucky,  1980  ^/(continued) 


Industry 
number 


Industry 


Employees 


Total 
income 


Number 


Thousand 

1977 
dollars  2/ 


Wage  and  salary 


37 

Transportation  services 

1,105 

17,859 

38 

Water  transportation 

1,976 

32,400 

39 

Communications 

16,457 

288,908 

40 

Electrical,  gas,  and 

sanitation  services 

13,459 

247,013 

41 

Wholesale  trade 

61,834 

883,139 

42 

Retail  trade 

198,980 

1,525,613 

43 

Banking 

20,121 

215,121 

44 

Other  credit  agencies 

8,892 

125,154 

45 

Insurance 

16,111 

251,013 

46 

Real  estate  and  combinations 

8,096 

89,376 

47 

Hotel  and  other  lodging 

12,249 

75,687 

48 

Personal,  miscellaneous  business, 

and  repair  services 

35,620 

364,786 

49 

Auto  repair  service 

6,188 

85,257 

50 

Amusement 

7,946 

51,757 

51 

Motion  pictures 

1,540 

7,985 

52 

Private  households 

26,574 

67,628 

53 

Medical  and  other  health 

75,263 

946,218 

54 

Private  education 

10,482 

74,896 

55 

Nonprofit  organizations 

37,220 

213,611 

56 

Miscellaneous  services 

12,774 

335,851 

57 

Federal  civilian 

39,382 

544,189 

58 

Federal  military 

54,022 

401,695 

59 

State  and  local  government 

184,100 

1,681,002 

Proprietorial 

60 

Farm  proprietors 

121,990 

386,822 

61 

Nonfarm  proprietors 

116,728 

1,195,477 

62 


Total 


1,545,429 


17,759,229 


^  Source  of  data  for  tfiis  table  for  Kentucky,  other  States  of  the  South,  and  the  United  States:  un- 
published data,  U.S.  Department  of  Comnnerce,  Regional  Economics  [Measurements  Division,  Regional 
Economic  Information  System  (REIS),  Washington,  DC,  1982.  Unpublished  data  used  by  the  U.S. 
Department  of  Commerce  In  preparing  their  County  Business  Patterns  (CBP)  series  on  employment  and 
payroll  were  used  to  differentiate  wood-related  from  nonwood-related  employment  and  earnings   For  ex- 
ample, CBP  data  were  used  to  separate  mobile  homes  (no.  19,  above)  from  the  lumber  and  wood  prod- 
ucts (no.  18)  industry.  Wood  furniture  (no   20)  was  similarly  separated  from  other  furniture  and  fixtures 
(no.  21). 

-^  The  Personal  Consumption  Expenditures  (PCE)  deflator,  1977  =   100.  was  used  to  deflate  nominal 
dollars. 

■''  The  forest  products  industry  Is  comprised  of  (1)  lumber  and  wood  products  (SIC  24),  except  mobile 
homes  (SIC  2451);  and  (2)  wood  furniture  manufacturing  (SIC  2511,  2512,  2517,  2521,  2541)  and  paper 
and  allied  products  (SIC  26). 

"'  Included  with  fabricated  metals  and  other  related  industries. 
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Table  2— Calculation  of  1980  dependency  indexes  for  Kentucky 

(In  percent) 


Employment 

Kentucky 

United 

excess 

Dependency 

Industry 

Kentucky 

States 

employment- 

'-I       index^ 

Agriculture 

1.96 

1.46 

0.50 

3.27 

Agricultural  services, 

forestry,  and  fisheries 

.45 

.62 

— 

— 

Farm  proprietors 

9.14 

3.03 

6.11 

39.87 

Coal  mining 

3.55 

.27 

3.27 

21.34 

Oil  and  gas  extraction 

.22 

.60 

— 

— 

Metal  mining 

0 

.11 

— 

— 

Nonmetallic  minerals 

.19 

.14 

.05 

.34 

Construction 

4.34 

4.74 

— 

— 

Food  and  kindred  products 

1.63 

1.87 

— 

— 

Tobacco 

.77 

.07 

.70 

4.54 

Textile  mill  production 

.49 

.93 

— 

— 

Apparel  and  other  textiles 

2.08 

1.39 

.69 

4.51 

Paper  and  allied  products 

.55 

.76 

— 

— 

Printing  and  publishing 

1.08 

1.37 

— 

— 

Chemical  and  allied  products 

1.18 

1.22 

— 

— 

Petroleum  refining 

.28 

.22 

.06 

.37 

Rubber  and  miscellaneous  plastic 

.72 

.80 

— 

— 

Leather  and  leather  products 

.30 

.26 

.04 

.28 

Lumber  and  wood  products, 

except  mobile  homes 

.70 

.71 

— 

— 

Mobile  homes 

.01 

.05 

— 

— 

Wood  furniture 

.21 

.32 

— 

— 

Other  furniture  and  fixtures 

.17 

.19 

— 

— 

Stone,  clay  and  glass  products 

.69 

.73 

— 

— 

Primary  metals 

1.39 

1.26 

.13 

.83 

Fabricated  metals 

1.39 

1.77 

— 

— 

Machinery,  excluding  electrical 

2.93 

2.73 

.19 

1.27 

Electrical  machinery 

2.68 

2.31 

.37 

2.39 

Transportation  equipment 

except  motor  vehicle 

.14 

1.21 

— 

— 

Motor  vehicles 

.74 

.87 

— 

— 

Ordnance 

0 

0 

— 

— 

Instruments  and  related  equipment 

.27 

.77 

— 

— 

Miscellaneous  manufacturing 

.30 

.47 

— 

— 

Railroad  transportation 

1.24 

.58 

.66 

4.31 

Trucking  and  warehousing 

1.25 

1.40 

— 

— 

Local  transit 

.14 

.29 

— 

— 

Air  transportation 

.13 

.50 

— 

— 

Pipeline  transportation 

.01 

.02 

— 

— 

Transportation  services 

.08 

.22 

— 

— 

Water  transportation 

.15 

.23 

— 

— 

Communications 

1.23 

1.48 

— 

— 

Electrical,  gas. 

and  sanitation  services 

1.01 

.90 

.11 

.69 

Wholesale  trade 

4.63 

5.79 

— 

— 

Retail  trade 

14.91 

16.50 

— 

— 

Banking 

1.51 

1.72 

— 

— 

Other  Credit  Agencies 

.67 

.99 

— 

— 

See  footnotes  at  end  of  table. 
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Table  2— Calculation  of  1980  dependency  indexes  for  Kentucky 

(In  percent) 


Employment 


Kentucky 
excess 


Industry 


United 
Kentucky    States    employment  '^ 


Dependency 
index  2/ 


Insurance 

1.21 

1.89 

Real  estate  and  combinations 

.61 

1.16 

— 

— 

Hotel  and  other  lodging 

.92 

1.20 

— 

— 

Personal,  miscellaneous 

business,  and  repair  services 

2.67 

4.69 

— 

— 

Auto  repair  service 

.46 

.63 

— 

— 

Amusement 

.60 

.84 

— 

— 

Motion  pictures 

.12 

.24 

— 

— 

Private  households 

0 

0 

— 

— 

Medical  and  other  health 

5.64 

5.71 

— 

— 

Private  education 

.79 

1.47 

— 

— 

Nonprofit  organizations 

2.79 

3.01 

— 

— 

Miscellaneous  services 

.96 

1.63 

— 

— 

Federal  civilian 

2.95 

3.27 

— 

— 

Federal  military 

4.05 

2.68 

1.37 

8.92 

State  and  local  government 

11.91 

12.56 

— 

— 

Nonfarm  proprietors 

8.75 

7.66 

1.08 

7.06 

Total^ 

100.00 

100.00 

15.32 

100.00 

''  U.S.  employment  minus  Kentucky  employment.  Figures  may  not  be  exactly  equal  to  Kentucky  minus 
U.S.  because  of  rounding.  Dashes  signify  no  excess  employment. 

^  Individual  industry  excess  employment  expressed  as  a  percent  of  Kentucky's  total  excess  employ- 
ment (sum  of  column  4). 

^'  Sum  of  parts  may  not  equal  totals  because  of  rounding. 

Table  3— Value  added,  hours  worked,  payroll,  and  capital  productivity,  ^ 
Kentucky  forest  products  industry,  1977^ 


Industry 


Value  Hours 

added      Payroll       worked 


Productivity 
change, 
Productivity  1972-77 


-$Million- 


Million         $VAMP  per  hour 


Percent 


Lumber  and 

wood  products 

132.0 

67.1 

12.7 

5.11 

-8.77 

Wood  furniture 

29.5 

16.7 

3.4 

3.76 

17.05 

Paper  and 

allied  products 

191.8 

150.1 

7.6 

16.51 

79.34 

^'  Productivity  equals  value  added  minus  payroll  (VAMP),  divided  by  hours  worked.  For  a  discussion  of 
VAMP,  see  W.  Charles  Sawyer  and  Joseph  A.  Ziegler,  1980,  "The  use  of  VAMP  shift  as  a  predictive 
model."  Unpublished  paper  presented  at  the  annual  meeting  of  the  Western  Regional  Science  Associa- 
tion, Monterey,  California. 

^'  Source:  U.S.  Bureau  of  the  Census,  Census  of  Manufacturing,  for  1972  and  1977,  Kentucky  and  the 
United  States,  available  in  1976  and  1980,  respectively   In  the  few  instances  where  data  were  not 
available  for  some  submdustry  sectors,  the  distribution  of  the  number  of  establishments  was  used  to 
estimate  nondisclosures. 
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Appendix  2 

Kentucky  Counties  by 
Substate  Planning  and 
Development  Districts 


District 
code 


Counties 


1  Ballard,  Calloway,  Carlisle,  Fulton,  Graves,  Hickman,  Marshall,  McCracken 

2  Caldwell,  Christian,  Crittenden,  Hopkins,  Livingston,  Lyon,  Muhlenberg, 
Todd,  Trigg 

3  Daviess,  Hancock,  Henderson,  McLean,  Ohio,  Union,  Webster 

4  Allen,  Barren,  Butler,  Ednnonson,  Hart,  Logan,  Metcalfe,  Monroe,  Simpson, 
Warren 

5  Breckinridge,  Grayson,  Hardin,  Larue,  Marion,  Meade,  Nelson,  Washington 

6  Bullitt,  Henry,  Jefferson,  Oldham,  Shelby,  Spencer,  Trimble 

7  Boone,  Campbell,  Carroll,  Gallatin,  Grant,  Kenton,  Owen,  Pendleton 

8  Bracken,  Fleming,  Lewis,  Mason,  Robertson 

9  Bath,  Menifee,  Montgomery,  Morgan,  Rowan 

10  Boyd,  Carter,  Elliott,  Greenup,  Lawrence 

11  Floyd,  Johnson,  Magoffin,  Martin,  Pike 

12  Breathitt,  Knott,  Lee,  Leslie,  Letcher,  Owsley,  Perry,  Wolfe 

13  Bell,  Clay,  Harlan,  Jackson,  Knox,  Laurel,  Rockcastle,  Whitley 

14  Adair,  Casey,  Clinton,  Cumberland,  Green,  McCreary,  Pulaski,  Russell, 
Taylor,  Wayne 

15  Anderson,  Bourbon,  Boyle,  Clark,  Estill,  Fayette,  Franklin,  Garrard,  Harrison, 
Jessamine,  Lincoln,  Madison,  Mercer,  Nicholas,  Powell,  Scott,  Woodford 


22 
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Kentucky's  forest  products  industry:  performance  and  contribution  to  the  state's 
economy,  1970  to  1980.  Res.  Pap.  PNW-354.  Portland.  OR:  U.S.  Department  of 
Agriculture.  Forest  Service.  Pacific  Nortfiwest  Research  Station.  1986.  22  p. 

Employment  and  earnings  in  Kentucky's  forest  products  industry,  like  those  of  most 
Southern  States,  grew  significantly  between  1970  and  1980.  In  fact,  Kentucky's 
share  of  the  Nation's  forest  products  employment  and  earnings  increased  during 
this  period.  In  1980,  lumber  and  wood  products  accounted  for  the  largest  share  of 
the  industry's  employment,  but  paper  and  allied  products  had  more  earnings.  Fur- 
thermore, in  1977.  pulp  and  allied  products  had  higher  productivity  than  either 
lumber  and  wood  products,  or  wood  furniture. 

Keywords:  Forest  products  industries,  economics  (forest  products  industries), 
Kentucky. 
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Ratios  are  presented  for  estimating  volume  and  characteristics  of  logging  residue  in 
California.  The  ratios  relate  cubic-foot  volume  of  residue  to  thousand  board  feet  of  timber 
harvested  and  to  acres  harvested.  Tables  show  gross  and  net  volume  of  residue,  with 
and  without  bark,  by  diameter  and  length  classes,  by  number  of  pieces  per  acre,  by 
softwoods  and  hardwoods,  by  percent  soundness,  and  by  degree  of  slope  and  distance 
to  roads. 

Keywords:  Slash,  residue  management,  residue  estimation,  California. 

Increasing  interest  is  being  focused  on  logging  residue  for  production  of  energy  and  for 
conventional  wood  fiber  products  in  California.  The  result  is  a  rapidly  growing  number  of 
assessments  being  made  to  determine  the  feasibility  of  utilizing  logging  residue  to  supply 
wood  fiber  for  a  specific  conversion  facility.  These  site-specific  analyses  require  detailed 
information  on  residue  volume  and  characteristics.  Existing  sources  do  not  provide  this 
type  of  information  on  a  statewide  basis.  This  study  provides  the  capability  to  make 
estimates  of  the  volume  and  characteristics  of  residue  throughout  the  State  of  California. 

This  study  had  two  objectives.  The  first  was  to  develop  estimates  to  determine  the 
volume  of  logging  residue  for  any  specific  location  in  California.  These  estimators  are  in 
the  form  of  ratios  that  relate  the  quantity  of  residue  to  timber  harvest  volume  or  acres. 
The  second  objective  was  to  provide  data  on  the  characteristics  of  logging  residue  that 
affect  the  potential  utilization  for  energy  or  other  products. 

The  information  in  this  report  is  based  on  measurement  of  logging  residue  on  220 
cutover  areas  in  California.  The  sample  areas  were  allocated  among  eight  strata,  based 
on  geographic  area,  owner-harvest  method,  and  forest  type. 

Results  are  shown  for  each  of  the  eight  strata.  Tables  show  gross  and  net  (chippable) 
volume,  with  and  without  bark.  An  example  of  how  to  apply  the  data  is  provided. 
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Tables  Table  1 — Average  gross  and  net  volume  ratios  of  logging  residue,  per  thousand  board 

feet  of  harvest,  by  wood  only,  wood  and  bark,  and  by  stratum 

Table  2 — Average  gross  and  net  per  acre  volume  of  logging  residue,  by  wood  only  and 
by  wood  and  bark,  by  stratum 

Table  3 — Average  gross  and  net  volume  of  logging  residue  (wood  only)  by  species  and 

by  live  or  dead/cull  material,  by  stratum 

Table  4 — Dead  and  cull  material  (wood  only)  as  a  percentage  of  average  gross  and  net 
residue  volume,  by  stratum 

Table  5 — Volume  of  residue  in  large  piles  as  a  percentage  of  gross  and  net  volume 
(wood  only),  by  stratum 

Table  6 — Gross  volume  (wood  only)  of  logging  residue,  by  small-end  diameter  and 
length  classes,  by  stratum 

Table  7 — Net  volume  (wood  only)  of  logging  residue,  by  small-end  diameter  and  length 
classes,  by  stratum 

Table  8 — Gross  and  net  volume  (wood  only)  of  logging  residue,  by  percent  of  chippable 
material,  by  stratum 

Table  9 — Number  of  pieces  of  logging  residue  per  acre,  by  small-end  diameter  and 
length  classes,  by  stratum 

Table  10 — Distribution  of  logging  residue  by  slope  and  distance  to  road  classes,  by 
stratum 

Table  11 — Statistical  information  for  determination  of  sampling  precision,  by  stratum 

Table  12 — Range  of  study  data  for  stand  age,  harvest  volume,  area  cut,  and  residue 
volume,  by  stratum 

Table  13 — Gross  volume  (wood  only)  of  live  logging  residue,  by  small-end  diameter  and 
length  classes,  by  stratum 

Table  14 — Gross  volume  (wood  only)  of  logging  residue,  for  softwoods,  by  small-end 
diameter  and  length  classes,  by  stratum 

Table  1 5 — Gross  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by  small-end 
diameter  and  length  classes,  by  stratum 

Table  16 — Net  volume  (wood  only)  of  live  logging  residue,  by  small-end  diameter  and 
length  classes,  by  stratum 

Table  17 — Net  volume  (wood  only)  of  logging  residue,  for  softwoods,  by  small-end 
diameter  and  length  classes,  by  stratum 


Table  18 — Net  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by  small-end 
diameter  and  length  classes,  by  stratum 

Table  1 9 — Net  volume  (wood  only)  of  logging  residue,  by  large-end  diameter  and  length 
classes,  by  stratum 

Table  20 — Gross  volume  (wood  only)  of  logging  residue,  by  large-end  diameter  and 
length  classes,  by  stratum 

Table  21 — Gross  volume  (wood  only)  of  live  logging  residue,  by  large-end  diameter  and 
length  classes,  by  stratum 

Table  22 — Gross  volume  (wood  only)  of  logging  residue,  for  softwoods,  by  large-end 
diameter  and  length  classes,  by  stratum 

Table  23 — Gross  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by  large-end 
diameter  and  length  classes,  by  stratum 

Table  24 — Number  of  live  pieces  of  logging  residue  per  acre,  by  small-end  diameter  and 
length  classes,  by  stratum 

Table  25 — Number  of  pieces  of  logging  residue  per  acre  for  softwoods,  by  small-end 
diameter  and  length  classes,  by  stratum 

Table  26 — Number  of  live  pieces  of  logging  residue  per  acre  for  softwoods,  by  small-end 
diameter  and  length  classes,  by  stratum 

Table  27 — Number  of  pieces  of  logging  residue  per  acre,  by  large-end  diameter  and 
length  classes,  by  stratum 

Table  28 — Number  of  live  pieces  of  logging  residue  per  acre,  by  large-end  diameter  and 
length  classes,  by  stratum 

Table  29 — Number  of  pieces  of  logging  residue  per  acre  for  softwoods,  by  large-end 
diameter  and  length  classes,  by  stratum 

Table  30 — Number  of  live  pieces  of  logging  residue  per  acre  for  softwoods,  by  large-end 
diameter  and  length  classes,  by  stratum 

Table  31 — Average  net  volume  (wood  and  bark)  of  logging  residue,  per  thousand  board 
feet  of  timber  harvest;  by  area,  owner  class,  and  harvest  method;  in  Idaho,  Montana, 
Oregon,  and  Washington 

Table  32 — Average  net  per-acre  volume  (wood  and  bark)  of  logging  residue;  by  area, 
owner  class,  and  harvest  method;  in  Idaho,  Montana,  Oregon,  and  Washington 


Introduction 


There  is  great  interest  in  California  in  using  woody  material  as  an  alternative  fuel  for 
energy  production.  Numerous  sites  have  been  examined  for  power  generation  oppor- 
tunities. In  some  cases — Burney,  Westwood,  and  Oroville — construction  of  energy 
producing  facilities  has  been  completed  or  is  underway.  This  high  level  of  activity  stems 
from  a  growing  demand  for  electricity  and  a  favorable  rate  structure  offered  by  the 
utilities  for  purchased  power. 

One  source  of  woody  material  receiving  much  attention  is  logging  residue.^  Logging 
residue  presents  a  large  quantity  of  wood  fiber  potentially  available  for  energy.  A  benefit 
of  using  residue  for  energy  is  the  mitigation  of  some  problems  facing  forest  managers. 

There  is,  however,  a  lack  of  comprehensive,  up-to-date  data  for  logging  residue  for 
California.  The  most  recent  statewide  statistics  were  published  in  1 973  (Howard  1 973). 
In  addition  to  being  outdated,  these  data  do  not  allow  for  site-specific  estimates  of 
residue  volume  tied  to  current  or  future  timber  harvest.  This  capability  is  particularly 
important  in  light  of  the  numerous  sites  throughout  California  that  are,  or  may  be, 
considered  for  power  generation,  including  cogeneration  options.  Site-specific  analyses 
of  logging  residue  also  require  more  detailed  information  about  the  characteristics  of 
residue  materials  than  is  available  in  the  1973  data.  Crucial  questions  about  costs, 
equipment,  handling,  and  transportation  require  a  data  base  that  provides  information 
on  size,  number  of  pieces,  distribution,  and  quality  of  these  materials.  This  type  of 
information  may  exist  for  some  areas  and  owners,  but  there  is  no  compatible  data 
applicable  to  all  lands  where  timber  harvesting  occurs.  Even  more  critical  to  making 
reliable  estimates  of  costs  and  feasibility  of  use,  is  that  existing  data  sources  are  based 
on  differing  standards,  definitions,  and  sampling  designs. 

The  California  study  was  designed  to  meet  the  needs  of  site-specific  analysis  of  logging 
residue  throughout  the  State  of  California.  The  development  of  reliable,  uniform  data  will 
enable  the  forest  products  and  power  generating  industries  to  gauge  the  economic 
feasibility  of  accelerating  the  use  of  logging  residue  for  energy.  An  additional  benefit  is 
to  provide  parity  in  residue  information  with  other  western  States  (Howard  1981a, 
1981b,  1984),  thereby  aiding  regional  energy  planning  and  development  efforts. 

The  study  had  two  primary  objectives.  The  first  was  to  develop  appropriate  analytical 
tools  for  estimating  the  volume  of  logging  residue  for  any  uniquely  defined  supply  zone 
in  California.  Volume  estimators  (ratios)  developed  in  this  study  relate  residue  volume 
to  both  volume  and  acreage  of  timber  harvest.  One  ratio  gives  the  cubic-foot  volume  of 
residues  associated  with  the  harvest  of  1 ,000  board  feet  of  timber  (CF/MBF).  The  other 
ratio  gives  cubic-foot  volume  of  residue  per  acre  harvested  (CF/AC).  An  example  is 
provided  to  demonstrate  practical  application  of  these  ratios. 


^  See  Glossary  for  terms  used  in  this  report. 


The  second  objective  was  to  estimate  logging  residue  by  the  following  classifications 
that  affect  utilization: 

1 .  Gross  and  net  volume,  by  diameter  and  length  classes,  for  live  material  and  for 
dead/cull  material. 

2.  Number  of  pieces  per  acre,  by  diameter  and  length  classes. 

3.  Volume,  by  percent  sound  (chippable),  in  cubic  feet  per  acre. 

4.  Accessibility  on  cutover  areas,  by  slope  and  distance  to  road. 

5.  Volume,  by  softwoods  and  hardwoods. 

Ratios  and  characteristics  for  residue  are  displayed  for  eight  strata  in  California,  based 
on  geographic  area,  owner  class-harvest  method,  and  forest  type.  These  strata  were 
selected  on  the  basis  of  differences  in  residue  volume  associated  with  harvesting 
methods  and  existing  information  on  residue  characteristics  (Howard  1973). 

Results  are  based  on  measurements  of  logging  residue  on  220  cutover  units  made 
during  summer  1984. 


Study  Design 


Designing  the  study  included  the  following  steps:  (1)  choosing  a  sample  design,  (2) 
determining  sample  size  and  selecting  cutover  areas  to  be  sampled,  (3)  establishing 
procedures  for  sampling  and  measuring  residue  volume  and  characteristics,  and  (4) 
selecting  estimation  procedures  for  computing  ratios  and  residue  characteristics.  This 
process  is  discussed  below. 


Sample  Size  and 
Allocation 


^  miliar  of  .sS'mplc5 


Sample  stratification  was  based  on  timber  ownership,  geographic  area,  harvest  method, 
and  forest  type.  An  evaluation  of  harvest  data  indicated  that  there  were  eight  significant 
classes  of  owner  and  harvest  methods  in  California.  Only  two  classes  of  ownership, 
public  and  private,  were  identified.  Most  of  the  timber  harvest  on  public  land  is  in 
National  Forests,  and  most  of  the  harvest  on  private  land  is  on  industry-owned  land. 
There  was  not  enough  harvest  in  any  other  ownership  class  to  warrant  a  separate 
stratum.  The  State  was  divided  into  two  geographical  areas:  coastal  California  and 
interior  California  (see  fig.  1).  The  line  dividing  coastal  and  interior  California  roughly 
separates  the  redwood-coastal  Douglas-fir  zone  from  the  rest  of  the  State.  In  terms  of 
harvest  method,  enough  timber  is  harvested  by  clearcutting  to  justify  separate  strata  for 
all  sectors  except  the  interior  private  sector  and  the  ponderosa  pine  zone.  Estimates  of 
residue  volume  and  characteristics  of  the  interior  private  stratum  represent  the  mix  of 
harvest  methods  that  were  used  at  the  time  of  the  study.  This  mix  is  not  expected  to 
change  much  from  year  to  year. 


A  separate  stratum  based  on  forest  type  was  used  for  ponderosa  pine.  Information  from 
various  landowners  indicated  that  harvest  residue  in  the  ponderosa  pine  type  exhibits 
significantly  different  volume  relationships  and  characteristics  from  that  of  other  forest 
types.  Additionally,  because  ponderosa  pine  typically  occur  in  large  stands  across 
eastern  California,  annual  harvest  volume  and  acreage  can  be  identified  in  the  data 
bases  of  major  land  owners. 


Coastal  I    Interior 


Ponderosa  Pine  Zone 


Line  Between  R.9  W. 

&  R-10  W..  Mount  Diablo  Meridian 


Figure  1— Geographic  stratifications  used  for  residue  sampling  in 
California 


The  eight  strata  identified  for  the  study  were: 

Coastal:  Public,  clearcut 

Public,  partial  cut 
Private,  clearcut 
Private,  partial  cut 
Interior:  Public,  clearcut 

Public,  partial  cut 
Private,  all  harvest  methods 
Ponderosa  pine:         All  ownerships  and  all  harvest  methods 

Following  identification  of  study  strata,  sample  size  was  determined  for  each  stratum  I: 
computation  or  rule-of-thumb,  depending  on  available  information. 

Where  information  was  available  from  which  to  estimate  expected  variation,  sample  si; 
was  determined  by  the  following  formula: 


where: 

N  =  stratum  sample  size, 
CV  =  coefficient  of  variation, 
t  =  Student's  t-value,  and 
A  =  desired  level  of  precision. 

The  values  for  t  and  A  were  fixed  so  that  the  computed  sample  size  would  result  in  an  e 
timated  average  residue  volume  per  stratum  within  ±20  percent  of  the  true  average 
times  out  of  10  (90  percent  confidence  level).  Coefficient  of  variation  for  logging  residi 
volume  (per  acre)  was  used  to  compute  sample  size.  This  was  done  because  the  maji 
contributor  to  total  variance  was  assumed  to  be  that  associated  with  average  residue  vc 
ume  (per  acre).  Values  for  CV  were  derived  from  previous  studies  where  similar  populi 
tion  characteristics  were  observed  (Howard  1973,  1981a). 

For  the  ponderosa  pine  stratum  there  were  no  comparable  data  from  which  to  derive  e 
timates  of  variation.  For  this  stratum,  sample  size  was  set  at  25.  This  number  was  coi 
sidered  adequate  to  provide  results  comparable  to  those  from  the  other  strata. 


The  sample  size  determined  for  each  stratum  is  shown  below: 


Geographi 

c 

area 

Owner  and  harvest  method 

Public,  clearcut 

Number  of  samples 

Coastal 

25 

Public,  partial  cut 

25 

Private,  clearcut 

27 

Private,  partial  cut 

30 

Interior 

Public,  clearcut 

25 

Public,  partial  cut 

28 

Private,  all  harvest  methods^ 

35 

Ponderosa 

pine 

All  owners  and  all  harvest 

methods^ 

25 

Total 

220 

Sample  Selection  Specific  cutover  areas  were  selected  following  determination  of  sample  size  for  each 

stratum.  The  basic  approach  was  to  identify  all  cutover  areas  (the  sample  population) 
by  stratum.  The  desired  number  of  samples  was  then  selected  from  this  population. 

The  overall  sampling  scheme  for  the  study  was  a  two-stage  sample,  with  PPS  (probabil- 
ity proportional  to  size)  sampling  as  the  first  stage.  The  second  stage,  residue  sampling 
on  each  cutover  unit,  will  be  discussed  later.  In  the  first  stage,  PPS  sampling  was 
conducted  for  each  of  the  eight  strata.  Following  PPS  sampling  procedures,  all 
qualifying  cutover  units  were  listed,  along  with  acres  harvested.  These  acreages  were 
accumulated,  and  random  numbers  were  used  to  select  specific  units  for  sampling. 
Under  this  procedure  larger  cutover  areas  have  a  greater  chance  of  being  selected 
because  each  acre,  in  effect,  has  equal  weight.  Because  sampling  was  done  with 
replacement,  some  cutover  units  were  selected  more  than  once.  For  these  units,  residue 
measurements  were  made  once,  then  replicated  for  each  additional  time  the  unit  was 
selected. 

Determining  the  sample  population  generally  followed  one  of  two  procedures.  For  some 
ownerships  it  was  possible  to  obtain  a  list  of  all  areas  cut  over  during  the  study  period, 
January  1,  1983,  to  September  30,  1984.  For  other  owners  it  was  more  efficient  to  use 
lists  of  only  those  cutover  areas  that  met  study  criteria.  Sample  units  were  selected  from 
the  lists  provided  by  landowners. 


^  Samples  were  selected  from  all  harvest  methods;  most  samples 
were  from  partial-cut  areas. 

-  Samples  were  selected  from  all  harvest  methods  and  ownership 
classes;  most  samples  were  from  public  partial-cut  areas. 


All  cutover  areas  selected,  regardless  of  which  procedure  was  used,  had  to  meet  five 
criteria  to  be  considered  for  study.  Criteria  were; 

1.  Logging  was  completed  after  January  1,  1983,  and  prior  to  September  30,  1984. 

2.  The  unit  was  5  acres  or  larger. 

3.  Residue  on  the  unit  had  not  been  burned  following  logging. 

4.  The  unit  was  not  a  fire  salvage  sale. 

5.  Logging  residue  on  the  unit  had  not  been  utilized  by  cull  log  salvagers,  firewood 
cutters,  or  secondary  operators. 

These  criteria  were  established  to  ensure  that  residue  estimates  would  be  representative 
of  normal  harvesting  situations. 

A  larger  number  of  sample  units  was  selected  than  was  dictated  by  the  sampling 
process  described.  The  extra  units  served  as  alternates  to  replace  areas  that  failed  to 
meet  study  criteria  upon  field  examination.  Alternate  sample  units  for  each  stratum  were 
used  in  the  order  in  which  they  were  drawn. 

Following  identification  of  the  cutover  areas  to  be  sampled,  each  owner  was  contacted 
and  asked  to  provide  maps,  location  data,  and  information  concerning  characteristics  of 
the  area. 

Specific  information  collected  for  each  sample  was: 

1 .  Age  of  the  timber  harvested. 

2.  Acreage  of  the  area  harvested. 

3.  Type  of  logging  equipment  used. 

4.  Percentage  contribution  of  the  three  major  species  harvested  (set  to  100  percent). 

5.  Volume  of  timber  harvested,  in  thousand  board  feet  per  acre. 

Residue  Sampling  The  average  volume  of  residue  on  each  cutover  area  was  estimated  using  three  pro- 

Techniques  cedures.  The  line  intersect  method  was  used  to  obtain  an  estimate  for  scattered 

materials  and  small  piles  (Howard  and  Ward  1972).  A  pile  volume  estimator,  obtained 
from  a  separate  study,  was  used  to  determine  the  volume  in  large  piles  (Little  1 982). 
The  volume  of  bark  was  derived  by  using  bark-to-wood  factors,  which  were  obtained 
from  a  companion  study  (Snell  and  Max  1982).  Information  on  characteristics  of  the 
residue  was  derived  from  a  subsample  of  pieces  measured  for  volume  estimation. 

Estimating  scattered  residue. — The  line  intersect  method  was  used  to  estimate  the 
volume  of  all  residue  material  3.01  inches  in  diameter  inside  bark  (d.i.b.)  and  larger  and 
1 .0  foot  in  length  and  longer  that  was  not  found  in  large  piles.  The  line  intersect  method 
has  been  widely  used  for  estimating  residue  and  has  been  demonstrated  to  be  efficient 
and  unbiased  (Pickford  and  Hazard  1978). 

The  sample  design  used  in  this  study  consisted  of  200-foot  line  transects  located  at  each 
of  30  points  on  a  systematic  gnd  (fig.  2). 


Figure  2. — Example  of  sampling  grid  for  a  cutover  area. 


The  interval  between  grid  points  varied  with  size  of  the  cutover  area.  Except  on  very 
large  partial  cuts,  the  fluctuating  grid  interval  resulted  in  a  pattern  that  covered  the  entir 
cutover  area.  The  maximum  grid  interval  was  set  to  cover  about  200  acres.  For  largi 
areas,  yarding  practices  are  such  that  residue  piles  are  created  throughout  the  area, 
rather  than  at  a  central  location.  Both  scattered  residue  and  piles  tend,  therefore,  to 
associated  with  the  surrounding  harvesting  pattern.  Thus,  the  sample  design  used  in  tf 
study  results  in  estimates  of  residue  that  are  representative  of  the  harvest  practice  with 
the  grid  pattern. 

To  reduce  bias,  both  the  initial  starting  point  and  the  base  line  for  the  grid  system  W6 
randomly  selected.  To  reduce  piece  orientation  bias  (Howard  and  Ward  1972),  each 
the  30  line  transects  was  randomly  oriented  along  45-degree  azimuths. 

Measurements  were  taken  for  all  qualifying  residue  intersected  by  the  200-foot  line 
transects.  Only  pieces  at  least  3.01  inches  d.i.b.  and  1 .0  foot  in  length  were  considerec 
measurable.  Older  dead  pieces  that  were  rotten  to  the  point  of  losing  their  original  form 
were  excluded  (fig.  3). 
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Figure  3. 
study. 


-Deteriorated  logs,  such  as  this,  were  not  included  in  the 


Measurements  recorded  for  each  piece  of  residue  were: 

1.  Diameter  (i.b.)  at  the  point  of  intersection  with  a  transect  line. 

2.  Net  chippable  content  at  the  point  of  intersection  with  a  transect  line. 

3.  Origin  of  the  piece  (live  or  dead/cull  at  the  time  of  harvesting). 

These  are  the  only  measurements  required  to  provide  an  estimate  of  gross  and  net 
volumes  of  scattered  logging  residue  and  small  piles  for  a  specific  cutover  area. 

Estimating  pile  volume.— The  line  intersect  method  cannot  be  used  to  estimate 
residue  in  large  piles  (fig.  4)  because  many  pieces  in  the  interior  of  such  piles  are 
impossible  to  observe  without  taking  the  pile  apart.  Because  destructive  sampling  of 
piles  was  not  within  the  scope  of  this  study,  a  separate  procedure  was  used  to  estimate 
pile  volume. 
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Figure  4. — Large  plies  of  residue  required  separate  procedures  for 
estimating  volume. 


The  procedure  for  estimating  the  volume  of  residue  in  large  piles  involved  two  steps. 
First,  each  pile  was  visually  classified  as  one  of  the  four  geometric  solids  shown  in  figure 
5.  Then  the  dimensions  appropriated  for  the  selected  shape  were  recorded  to  the 
nearest  foot.  The  geometric  volume  of  each  pile  was  computed  from  these  measure- 
ments and  converted  to  solid  wood  content  according  to  procedures  described  by  Little 
(1982). 

Net  (chippable)  volume  and  origin  of  residue  in  large  piles  had  to  be  derived  by  other 
means.  Net  volume  was  estimated  by  using  data  from  an  earlier  study  (Howard  1978) 
of  residue  from  the  harvest  of  old-growth  timber  with  characteristics  generally  similar  to 
those  found  in  this  study.  The  proportion  of  net  volume  to  gross  volume  (0.54)  from  the 
1978  study  was  applied  to  the  gross  residue  volume  of  each  pile  to  obtain  net  volume. 

The  proportion  by  live  or  dead/cull  material  in  each  pile  was  estimated  visually  by  field 
personnel. 
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Figure  5. — Geometric  solids  and  related  dimensions  used  tor 
estimating  the  volume  ot  residue  in  piles. 
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Estimating  bark  volume. — Diameters  of  residue  pieces  were  measured  inside  the  bark 
to  avoid  problems  associated  with  voids  when  outside-bark  measurements  are  taken 
(fig.  6).  Bark  is,  however,  an  important  raw  material,  particularly  for  energy  conversion. 
Thus  another  method  was  required  to  estimate  bark  volume.  Ratios  of  bark-to-wood 
were  developed  for  the  major  species  based  on  data  from  a  study  of  bark  samples  from 
50  cutover  areas  in  Idaho,  Oregon,  and  Washington  (Snell  and  Max  1982). 


OUTSIDE  DIAMETER 
MEASUREMENT 


DIAMETER  INSIDE  BARK  j 
(USED  IN  STUDY) 


Figure  6. — Voids  associated  with  irregularities  m  bark  were  avoided 
by  making  inside-bark  measurements 


A  weighted  average  bark  factor  was  computed  for  each  sample  unit  using  harvest 
volume  by  species.  These  ratios  were  then  applied  to  wood  residue  volume  to  generate 
estimates  of  wood  and  bark  volume. 

Estimating  residue  characteristics. — To  provide  data  on  size  and  number  of  pieces, 
additional  measurements  were  made  on  a  subsample  of  all  residue  pieces  measured  to 
estimate  volume.  The  subsample  consisted  of  all  residue  pieces  encountered  on  the  first 
40  feet  of  each  200-foot  line  transect.  This  resulted  in  a  subsample  of  approximately  20 
percent  of  the  total  number  of  pieces  measured  for  volume. 
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The  data  recorded  for  pieces  in  the  subsample  were: 

1 .  Diameter  (i.b.)  at  intersection  with  line  transect. 

2.  Small-end  diameter  (i.b.),  to  the  nearest  inch. 

3.  Large-end  diameter  (i.b.),  to  the  nearest  inch. 

4.  Length,  to  the  nearest  foot. 

5.  Net  chippable  content. 

6.  Live  or  dead/cull  at  time  of  logging. 

7.  Softwood  or  hardwood. 

Subsample  items  1 ,  5,  and  6  were  the  same  measurements  as  those  recorded  for  th 
line-transect  volume  estimate. 

Following  completion  of  the  transect  measurements,  all  residue,  including  large  piles 
was  visually  classified  by  the  following  slope  and  distance-to-road  categories: 

Slope:     0-35  percent 

over  35  percent 
Distance  to  road :     0-500  feet 

50 1-1, 000  feet 
over  1 ,000  feet 

Roads  are  defined  here  as  any  roadbed  capable  of  handling  log  trucks  and  other  loggi 
equipment.  In  tractor-logged  areas,  especially  those  with  flat  terrain,  acceptable  roa 
are  frequently  of  lower  quality  than  those  associated  with  steeper  slopes. 

Computational  '^^^  volume  of  residue  recorded  by  the  line  intersect  method  was  computed  by  the  f 

Procedures  lowing  formula: 


V  = 


TT'^D''     43,560. 


8L  144 


where: 


V  =  volume  of  each  piece  of  residue,  in  cub'c  feet  per  acre; 
D  =  diameter  (i.b.)  in  inches,  of  each  piece  of  residue;  and 
L  =  total  length  of  transect  lines  (6,000  feet). 

The  sum  of  the  computed  transect  volume  for  each  piece  yields  average  gross  volun 
(CF/AC)  of  residue  for  a  specific  cutover  area.  As  discussed  above,  the  volume  of  piles 
where  present,  was  computed  separately.  To  estimate  the  average  volume  of  woodi 
piles  on  a  per-acre  basis,  the  total  volume  of  residue  in  piles  for  each  sample  area  was 
divided  by  the  acreage  of  the  area.  This  figure  was  then  added  to  the  transect  volum 
to  obtain  the  overall  gross  wood  residue  volume  for  each  cutover  area.  Estimates  of 
residue  including  bark  were  derived  by  applying  the  bark-to-wood  ratios  described 
above.  Net  chippable  volume  was  computed  from  information  collected  for  each  pieo 
tallied  along  the  transects,  and  from  the  pile  estimation  process  described  earlier. 
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These  computations  provided  estimates  of  residue  in  cubic  feet  per  acre.  A  major 
objective  of  this  study  was,  however,  to  provide  ratios  of  cubic  feet  of  residue  to  1 ,000 
board  feet  of  timber  harvested  (CF/MBF).  To  obtain  this  ratio  for  a  particular  cutover 
area,  the  average  volume  of  residue  (CF/AC)  was  divided  by  the  average  harvest 
volume  (MBF  AC).  This  is  shown  by: 

D  .•  (Residue volume),  (CF/AC),  ,_^.,_,^, 

Ratio,     =       -^7-. : — I {-         =         />.dc/a/^        =      CF/MBF  ,; 

'  (Harvest  volume),  (MBF/AC),  ^  '' 

where:  i  =  i'^  cutover  area  (sample  unit). 

Estimating  average  residue  volume  for  a  specific  stratum  required  a  further  computa- 
tional step.  The  use  of  PPS  sampling,  described  earlier,  results  in  the  CF/AC  volume  of 
each  unit  having  equal  weight.  The  estimate  for  each  stratum,  therefore,  is  the  arithmetic 
average  of  all  units  in  the  stratum.  This  is  represented  by: 


n 
=  1 


ay 


CF/AC, 


where: 


a,,  =  per-acre  residue  volume  for  i'^  sample  in 

j'^  stratum,  and 
n  =  number  of  sample  units  in  j'^  stratum. 


The  CF/MBF  ratio  for  a  stratum  is  similarly  computed,  using  a  ratio  of  the  means  ap- 
proach. The  formula  for  computing  the  ratio  for  a  specific  stratum  ratio  is  represented  by: 


n 

S 

an 

i  =  1 

n 

Ratio    —  _ 

n 

1 

\ 

i  =  1 

where: 


aij  and  n  are  as  defined  above  for  CF/ACj,  and 

h,j  =  per-acre  harvest  volume  for  i'^  sample  unit  in  j'"  stratum 
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Computing  the  volume  for  characterization  of  residue  is  based  on  subsample  measure- 
ments. The  volume  of  each  subsample  piece  is  the  same  as  that  used  for  estimating  the 
volume  of  the  unit  (CF/AC). 

The  gross  volume  of  all  pieces  was  summarized  by  small-end  and  large-end  diameter 
and  length  classes  for  each  cutover  area.  A  proportion  was  developed  to  relate  the 
accumulated  subsample  volume  to  the  total  volume  estimated  from  the  line  transects. 
This  proportion  was  then  used  to  adjust  the  subsample  volume  in  each  diameter/length 
class  to  reflect  the  computed  residue  volume  for  each  cutover  area.  To  obtain  the 
number  of  pieces  per  acre  by  diameter/length  class,  the  adjusted  volume  for  each  class 
was  then  divided  by  the  average  piece  volume  for  the  class. 

Net  chippable  volume  for  residue  characterization  was  computed  using  item  5  of  the 
subsample  measurements. 

Stratum  averages  of  residue  characteristics  were  computed  in  a  manner  similar  to  that 
described  above.  In  effect,  residue  characteristics  were  developed  using  all  subsample 
pieces  in  each  stratum  and  the  average  volume  estimate  for  that  stratum. 


Study  Results 

Residue  Volume 
Estimators 


Ratios  for  estimating  logging  residue  volume  are  presented  in  two  forms.  One  ratio 
relates  the  cubic-foot  volume  of  residue  to  1 ,000  board  feet  of  timber  harvested 
(CF/MBF).  The  other  gives  residue  volume  in  terms  of  cubic  feet  per  acre  (CF/AC).  Both 
ratios  have  value,  depending  upon  the  user's  need  and  the  availability  of  supporting 
data.  Estimates  of  residue  volume  are  obtained  by  applying  the  appropriate  ratio  to 
timber  harvest  volume  or  acreage  for  each  stratum  within  the  geographic  area  to  be 
assessed. 


"•^...^  A  wide  range  of  potential  uses  can  be  made  of  the  tables,  which  show  gross  and  net 
volumes  of  residue,  with  and  without  bark;  softwoods  and  hardwoods;  and  live  versus 
dead/cull  material.  Conversions  for  metric  values  are  on  page  40, and  wood  density  and 
heating  values  for  selected  species  are  shown  in  appendix  1.  Selected  tables  from 
similar  studies  conducted  in  Idaho,  Montana,  Oregon,  and  Washington  are  in  appendix 
2  and  are  included  to  aid  in  regional  assessments  of  residue  volume  across  the 
five-State  area. 


It  is  especially  important  to  understand  that  estimates  based  on  data  from  this  report 
indicate  only  the  existence  of  residue  material.  The  availability  of  materials  for  conver- 
sion to  energy,  pulp,  or  other  products  depends  on  a  wide  range  of  factors,  such  as 
competing  uses,  intent  of  the  landowners,  environmental  concerns,  and  cost.  Many 
other  factors  influence  the  accumulation  of  residue  but  are  beyond  the  scope  of  this 
report.  Ultimately,  it  is  the  responsibility  of  analysts  to  determine  the  volume  of  residue 
that  can  be  considered  physically  and  economically  available. 

Ratios  of  residue  volume  to  harvest  volume. — Table  1  presents  the  ratios  of  residue 
volume  to  harvest  volume  for  gross  and  net  volume  of  logging  residue,  with  and  without 
bark,  for  each  of  the  study  strata.  Net  volume  represents  the  chippable  portion  of  the 
residue,  or  that  considered  usable  for  fiber-based  products.  A  variety  of  defects,  such 
as  cracks,  checks,  or  early  stages  of  rot,  make  much  of  this  material  unusable  for  solid 
wood  products.  Whatever  product  is  considered,  it  should  be  recognized  that  some 
unusable  material  has  to  be  removed  to  recover  the  desired  portions. 
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Table  1 — Average  gross  and  net  volume  ratios  of  logging  residue,  per  thousand 
board  feet  of  harvest,  by  wood  only  and  by  wood  and  bark,  by  stratum 

Wood  Wood  and  bark 


Stratum  Gross  Net  Gross  Net 


Cubic  feet  per  thousand  board  feet 


Coastal : 

Public-- 

Clearcut 

77 

53 

Partial   cut 

94 

53 

Private-- 

Cl  earcut 

56 

40 

Partial   cut 

89 

56 

Interior: 

Public-- 

Cl earcut 

53 

36 

Partial    cut 

101 

59 

Private!/ 

87 

55 

Ponderosa  pine^./ 

108 

61 

92  68 

112  71 

67  50 

106  72 


64 

47 

121 

79 

104 

72 

129 

83 

1/Samples  were  selected  fron  all    harvest  methods;  the  majority  of 
samples  were  from  partial -cut  areas. 

^./samples  were  selected  from  all    harvest  methods  and  ownership 
classes. 
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Gross  volume  represents  the  bulk  or  mass  of  logging  residue,  based  on  external 
dimensions.  This  measurement  includes  space  not  occupied  by  wood  fiber,  such  as 
hollow  logs  (fig.  7)  and  pieces  with  splinters  or  chunks  missing.  Gross  volume  also 
includes  material  too  rotten  to  have  product  value.  The  extreme  example  is  a  piece  wit! 
gross  volume  but  no  chippable  material. 


Figure  7.— Hollow  logs  have  a  gross  volume,  repre- 
sented by  external  dimensions,  that  includes  space 
containing  no  usable  wood  fiber. 


Gross  volume  is  important  to  measure  because  it  represents  material  that  has  to  be 
removed  or  otherwise  treated  to  reduce  its  impact  on  the  site.  Residue  has  impacts  ( 
reforestation,  esthetics,  environmental  quality,  wildlife  habitat,  stand  management 
activities,  and  fire  hazard.  Given  these  relationships,  a  measure  of  gross  residue  volurr 
is  important  in  the  broad  context  of  residue  management. 

Estimates  of  gross  volume  of  residue  are  also  important  for  determining  equipment  i 
requirements  and  the  cost  of  handling  and  transporting  residue.  Although  the  net  velum 
of  residue  represents  product  quantity  and  value,  it  is  the  gross  volume  that  must  bei 
handled  to  recover  the  usable  portions. 
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The  volume  of  residue  for  a  specific  area  can  be  estimated  using  timber  harvest  data  for 
the  area  and  ratios  available  in  table  1 .  A  separate  ratio  and  timber  harvest  figure  should 
be  used  for  each  stratum  represented  in  the  geographic  area  for  which  residue 
assessments  are  being  made.  These  ratios,  and  other  data  in  this  report,  are  represen- 
tative of  current  harvesting  practices  and  markets  and  should  remain  useful  as  long  as 
harvesting  technology,  stand  conditions,  and  the  current  product  mix  do  not  change 
significantly. 

The  gross  volume  estimates  in  table  1  show  the  ratios  for  partial-cut  areas  to  be  higher 
than  for  clearcut  areas.  With  the  exception  of  public  lands  in  the  coastal  zone,  the  same 
relation  holds  true  for  net  volume  ratios.  The  reason  is  that  most  partial  cutting  is 
oriented  to  a  specific  product  or  tree  class.  Thus,  material  not  sought  is  frequently  not 
removed  (previously  dead  and  cull  material,  for  example).  In  clearcutting,  however, 
nearly  all  trees  are  cut,  thereby  exposing  all  timber  to  the  possibility  of  removal  based 
on  marginal  product  value  of  each  piece.  The  result  is  a  higher  volume  of  residue  in 
relation  to  timber  volume  removed  (harvest)  for  partial  cuts. 

As  seen  in  the  following  tabulation,  the  percentage  of  net  volume  to  gross  volume  is 
higher  for  clearcuts  than  for  partial-cut  strata,  or  areas  that  are  predominantly  partial-cut 
harvested.  Material  that  was  dead  or  cull  prior  to  harvest  usually  has  more  defect  than 
green  timber.  As  noted  above,  dead  or  cull  material  is  more  likely  to  be  removed  from 
clearcut  areas  than  from  partial-cut  areas.  Therefore,  the  average  amount  of  defect  is 
lower  for  clearcut  areas  and  is  represented  by  a  higher  net-to-gross  percentage. 

The  following  tabulation  compares  the  net  volume  of  residue  to  gross  volume  for  each 
stratum. 

Net  volume  as  a  percentage 
Stratum of  gross  volume  (wood  only) 

Coastal; 
Public— 

Clearcut  69 

Partial  cut  56 

Private — 

Clearcut  71 

Partial  cut  63 

Interior: 
Public— 

Clearcut  68 

Partial  cut  58 

Private  '  63 

Ponderosapine  56 
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Ratios  of  residue  volume  to  area  harvested. — Ratios  of  cubic  feet  of  residue  to  acres 
harvested  are  valuable  expressions  of  the  quantity  of  logging  residue.  Per-acre  volume 
is  especially  useful  for  making  economic  assessments  and  for  evaluating  residue  man- 
agement alternatives.  Table  2  gives  the  average  gross  and  net  residue  volume  per  acre, 
by  stratum,  for  wood  only  and  for  wood  and  bark.  These  data  can  be  used  to  estimate  re- 
sidue volume  when  the  number  of  acres  harvested  is  known  for  a  given  stratum. 


Table  2 — Average  gross  and  net  per  acre  volume  of  logging  residue,  by  wood 
only  and  by  wood  and  bark,  by  stratum 

Wood  Wood  and  bark 


Stratum  Gross  Net  Gross  Net 

Cubic  feet  per  acre 


Coastal : 

Public-- 

Clearcut 

2,216 

1,516 

Partial   cut 

1,651 

935 

Private-- 

Clearcut 

2,483 

1,767 

Partial   cut 

2,227 

1,392 

Interior: 

Public-- 

Clearcut 

1,217 

825 

Partial   cut 

1,578 

917 

Private!/ 

1,527 

963 

Ponderosa  pine^/ 

1,232 

702 

2,636  1,935 

1,936  1,246 

2,935  2,219 

2,639  1,804 


1,453  1,061 

1,896  1,235 

1,827  1,262 

1,475  945 


i/samples  were  selected  from  all    harvest  methods;  the  majority  of 
samples  were  from  partial -cut  areas. 

^/samples  were  selected  from  all   harvest  methods  and  ownership 
classes. 
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The  information  in  table  2  can  be  used  to  compare  relative  densities  of  residue  among 
strata  to  aid  in  setting  priorities  for  utilization  or  treatment  options.  Greater  concentrations 
of  residue  are,  for  example,  generally  more  feasible  to  recover  than  are  small  quantities. 
Thus,  use  of  the  above  data  would  help  to  identify  broad  acreage  groupings  that  have  the 
greatest  potential. 

Comparison  of  these  data  to  a  previous  statewide  study  (Howard  1 973)  shows  a  rather 
large  change  in  average  net  residue  volume.  The  data  from  these  two  studies  are  not 
directly  comparable,  however,  because  of  differences  in  measurement  standards. 
Differences  associated  with  standard  errors  may  also  contribute  to  the  apparent 
differences  in  reported  volumes.  In  addition,  the  1 973  study  did  not  use  the  same  basis 
for  stratification  as  did  the  current  study.  The  most  comparable  figures  between  the  two 
studies  are  for  the  coastal  area.  Average  net  volume  of  residue  for  coastal  area  clearcuts 
was  estimated  to  be  about  2,755  cubic  feet  per  acre  in  the  1973  report.  For  this  study 
average  net  volume  for  clearcuts  is  1,516  and  1,767  cubic  feet  per  acre  for  public  and 
private  lands,  respectively.  The  1 973  figure  should  be  slightly  higher  as  that  study  used 
larger  measurement  standards  for  residue  material. 
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Further  breakdown  of  per  acre  residue  volumes  is  given  in  table  3.  These  data  show  liv 
and  dead  or  cull  volume  separately  for  softwoods  and  hardwoods.  Two  special 
characteristics  of  the  data  in  table  3  should  be  noted.  First,  these  figures  do  not  include 
residue  volume  in  large  piles.  By  comparison,  figures  in  table  2  include  pile  volume. 
Secondly,  these  data  are  based  on  a  subsample  of  transect  residue  pieces,  as 
described  earlier.  Being  a  subsample,  the  distribution  by  species  or  by  live  versus  deai 
or  cull  are  likely  to  differ  from  the  distribution  observed  for  the  transect  volume.  A 
comparison  of  the  actual  figures  shows  a  discrepancy  of  only  0  to  1 0  cubic  feet  per  acr 
for  the  eight  strata. 

Table  3 — Average  gross  and  net  volume  of  logging  residue-^  (wood  only)  by 
species  and  by  live  or  dead/cull  material,^  by  stratum 


Softwood 

Hardwood 

Grc 

ISS 

Net 

Grc 

iSS 

Met 

Live 

Dead 

Live 

Dead 

Live 

Dead 

Live           D€ 

stratum 

or  cull 

or  cull 

or 

cull 

or  c 

Cubic  feet 

per  acre 

Coastal : 

Public-- 

Clearcut 

558 

1,135 

490 

667 

162 

55 

160 

Partial    cut 

301 

1.067 

263 

492 

39 

90 

36 

Private-- 

Clearcut 

739 

1,307 

649 

730 

316 

72 

305 

Partial    cut 

510 

1,431 

448 

711 

148 

102 

141 

Interior: 

Public-- 

Clearcut 

358 

716 

331 

408 

28 

14 

22 

Partial    cut 

323 

1  ,107 

275 

555 

5 

16 

5 

Privatel^ 

434 

932 

401 

459 

29 

27 

28 

Ponderosa  pinel/ 

251 

897 

233 

423 

0 

1 

0 

I'Does  not  include  residue   in  large  piles. 

2/Breakdown  of  live  versus  dead  or  cull    is  based  on  subsamples  of  all    residue  pieces;  the 
sum  of  these  two  values  therefore  may  not  equal    total    residue  values  shown  in  other  table 

l^Samples  were  selected  from  all   harvest  methods;   the  majority  of  samples  were  from 
partial -cut  areas. 

l^Samples  were  selected  from  all    harvest  methods  and  ownership  classes. 
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Residue  from  hardwoods  is  a  significant  component  of  the  total  residue  picture  in 
California.  The  data  in  table  3  show  that  hardwoods  comprise  from  almost  9  percent  to 
over  20  percent  of  total  residue  volume  for  the  coastal  area.  In  the  interior,  where 
hardwoods  are  less  predominant,  the  range  is  from  almost  none  to  5  percent  of  total 
residue  volume.  Most  of  the  current  timber  harvest  is  from  softwoods.  Hardwoods  occur 
as  a  minor  component  in  many  of  the  stands  being  harvested.  Because  hardwoods  are 
not  the  desired  species  they  tend  to  be  cut  and  left  as  residue;  this  is  particularly  true 
for  clearcuts.  This  situation  is  borne  out  by  the  data  in  table  3.  Examination  of  the  coastal 
area,  where  most  of  the  hardwoods  occur,  show  the  average  live  (when  cut)  volume  for 
hardwoods  at  about  68  percent  and  ranging  as  high  as  84  percent.  Live  softwood 
volume,  on  the  other  hand,  averages  only  41  percent,  with  the  highest  value  at  47 
percent.  Further  examination  of  the  data  show  hardwood  residue  in  the  coastal  area  to 
be  about  86  percent  sound;  softwoods  average  only  63  percent  sound.  Hardwoods  thus 
have  a  higher  fiber  recovery  ratio  than  do  softwoods. 

Special  relationships. — Tables  4  and  5  provide  additional  insight  into  the  residue 
situation  in  California.  These  data  show  the  percent  of  residue  that  was  dead  or  cull  at 
the  time  of  harvest  and  the  percent  of  volume  in  large  piles. 

As  noted  earlier,  the  percent  of  residue  volume  made  up  of  previously  dead  or  cull 
material  is  higher  on  partial-cut  areas  than  on  clearcuts.  This  is  borne  out  by  infor- 
mation in  table  4  which  shows  70  to  77  percent  of  gross  residue  volume  for  partial-cut 
areas  was  from  trees  that  were  dead  or  cull  at  the  time  of  harvest.  For  net  volume  the 
percentage  was  somewhat  lower.  This  is  explained  by  the  fact  that  dead/cull  material 
has  more  defect  than  does  green  timber  and  thus  accounts  for  a  lower  proportion  of 
the  chippable  volume  of  residue. 

These  data  are  especially  useful  in  projecting  timber  inventories.  Material  that  was  dead 
or  cull  before  harvest  has  been  accounted  for  by  mortality  and  defect  figures  in  current 
inventory  data.  Thus,  the  portion  of  logging  residue  from  live  trees  needs  to  be  deducted 
to  complete  the  estimate  of  inventory  drain. 

The  data  in  table  5  show  the  relative  contribution  of  the  volume  in  large  residue  piles  to 
overall  stratum  averages.  In  the  coastal  area  the  percent  of  residue  in  large  piles  is 
substantially  higher  on  public  lands  than  on  private  lands.  This  difference  is  not  seen  in 
the  interior.  For  comparable  strata,  the  observed  figures  for  California  are  higher  than 
those  reported  for  Oregon  and  Washington.  An  explanation  of  these  differences  is 
beyond  the  scope  of  this  report.  The  differences  emphasize  the  need  to  ascertain  timber 
sales  policies  when  studying  the  feasibility  of  using  residue. 
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Table  4 — Dead  and  cull  material  (wood  only)  as  a  percentage  of  average  gross  and 
net  residue  volume,  by  stratum 

Stratum  Gross  volume  Net  volume 

Percent  of  dead  and  cull 
Coastal : 
Public-- 

Clearcut  52  52 

Partial   cut  77  65 
Privato-- 

Clearcut  57  45 

Partial    cut  70  57 
Interior: 
Public-- 

Clearcut  65  54 

Partial    cut  77  67 

Privatel/  67  53 

Ponderosa   pine^/  78  54 


l/samples  were  selected  from  all    harvest  methods;   the  majority  of 
samples  were  from  partial -cut  areas. 

^/samples  were  selected  from  all    harvest  methods  and  ownership 
classes. 
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Table  5 — Volume  of  residue  In  large  piles  as  a  percentage  of  gross  and  net  volume 
(wood  only),  by  stratum 

Gross  volume  Net  volume 


Stratum  Average  Highest  Average  Highest 

Percent 
Coastal :  ~~ 

Public-- 

Clearcut  I'l         65         11         56 

Partial  cut  9         46  9         48 

Pri vate-- 

Clearcut  2         15  1         13 

Partial  cut  2         28  1         29 

Interior: 

Publ ic-- 
Clearcut 
Partial  cut 

Privatel/ 
Ponderosa  pinef.' 


l^Samples  were  selected  from  all    harvest  methods;   the  majority  of 
samples  were  from  partial -cut  areas. 

^/samples  were  selected   from  all    harvest  methods  and  ownership  classes, 
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Residue  Tables  6  through  9  concern  only  residue  that  is  scattered  throughout  the  areas  sample 

Characteristics  (transect  volume)  and  do  not  include  residue  in  large  piles.  Table  10  pertains  to 

distribution  of  all  residue  including  that  in  large  piles.  Additional  tables  in  the  appenc 
provide  similar  data  that  indicate  whether  the  material  was  from  softwoods  or  hardwoo 
and  whether  it  was  live  or  dead/cull  at  the  time  of  harvest;  these  data  are  given  by 
small-end  and  large-end  diameter  classes. 

Table  6 — Gross  volume  (wood  only)  of  logging  residue,  by  small-end  diameter 
and  length  classes,  by  stratum^ 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9       8. 

0-15.9       16 

.0-31.9 

32.0+ 

To' 

Inches 

fiiKi*^     fQo4" 

r\£iv      a  /*  **Q 

Coastal : 

OUU  1  1,     1  cc  I, 

per     aLrc 

Public-- 

Clearcut 

3.1-3.9 

42 

45 

29 

79 

67 

32 

2' 

4.0-4.9 

40 

23 

14 

40 

21 

6 

1' 

5.0-5.9 

6 

5 

3 

8 

7 

1 

6.0-6.9 

31 

19 

11 

46 

18 

9 

i: 

7.0-7.9 

3 

2 

3 

4 

4 

0 

8.0-11.9 

43 

52 

31 

72 

49 

31 

21 

12.0-15.9 

28 

16 

26 

106 

26 

30 

2: 

16.0-19.9 

32 

21 

33 

73 

46 

10 

2- 

20.0-27.9 

33 

36 

69 

67 

77 

48 

3: 

28.0+ 

27 

24 

0 

45 

103 

13 

z 

Total 

288 

247 

223 

545 

422 

103 

1,9' 

Partial   cut 

3.1-3.9 

31 

23 

23 

50 

34 

23 

li 

4.0-4.9 

35 

22 

13 

41 

17 

6 

i: 

5.0-5.9 

4 

3 

2 

9 

6 

1 

6.0-6.9 

23 

17 

13 

31 

19 

6 

r 

7.0-7.9 

1 

0 

1 

4 

1 

0 

8.0-11.9 

29 

22 

30 

70 

67 

10 

2; 

12.0-15.9 

30 

19 

14 

38 

57 

45 

21 

16.0-19.9 

20 

27 

24 

39 

40 

59 

2' 

20.0-27.9 

7 

18 

5 

41 

30 

39 

1' 

28.0+ 

49 

0 

0 

08 

38 

57 

2: 

Total 

235 

154 

128 

416 

311 

251 

1,41 

Private-- 

Clearcut 

3.1-3.9 

24 

35 

28 

82 

CO 

30 

2! 

4.0-4.9 

22 

21 

16 

47 

54 

21 

11 

5.0-5.9 

4 

3 

5 

13 

10 

1 
J 

6.0-6.9 

19 

15 

14 

69 

45 

17 

11 

7.0-7.9 

1 

5 

2 

4 

3 

1 

8.0-11.9 

24 

40 

42 

91 

78 

15 

2! 

12.0-15.9 

19 

19 

33 

86 

50 

17 

2: 

16.0-19.9 

9 

34 

26 

86 

54 

12 

2; 

20.0-27.9 

31 

54 

25 

92 

95 

72 

3' 

28.0+ 

8 

0 

17 

181 

225 

159 

51 

Total 

165 

230 

218 

755 

706 

359 

2,4. 

Partial   cut 

3.1-3.9 

15 

14 

14 

48 

41 

14 

1' 

4.0-4.9 

20 

20 

13 

44 

28 

12 

1' 

5.0-5.9 

2 

3 

3 

10 

3 

1 

; 

6.0-6.9 

11 

15 

13 

53 

27 

5 

1 

7.0-7.9 

0 

1 

1 

2 

3 

0 

8.0-11.9 

27 

38 

28 

94 

56 

19 

2 

12.0-15.9 

16 

27 

19 

70 

48 

9 

1 

16.0-19.9 

11 

31 

33 

109 

80 

37 

3 

20.0-27.9 

18 

24 

1 

100 

98 

45 

2 

28.0+ 

0 

0 

116 

220 

215 

136 

6 

Total 

126 

177 

247 

756 

602 

281 

2,1 

See  footnotes  at  end  of  table. 
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Table  6 — Gross  volume  (wood  only)  of  logging  residue,  by  small-end  diameter 
and  length  classes,  by  stratum-!-^  (continued) 


Length   (feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

Cubic 

feet  per  acre 

Interior: 

Public-- 

Clearcut 

3.1-3.9 

26 

20 

11 

41 

30 

6 

136 

4.0-4.9 

26 

12 

13 

34 

14 

6 

107 

5.0-5.9 

1 

3 

1 

5 

3 

0 

17 

6.0-6.9 

18 

19 

14 

26 

11 

8 

98 

7.0-7.9 

0 

1 

1 

4 

0 

0 

8 

8.0-11.9 

25 

23 

15 

62 

29 

14 

170 

12.0-15.9 

14 

3 

32 

54 

22 

17 

149 

16.0-19.9 

6 

9 

27 

30 

43 

0 

117 

20.0-27.9 

11 

0 

3 

26 

53 

7 

118 

28.0+ 

0 

0 

0 

21 

101 

69 

192 

Total 

130 

108 

125 

309 

312 

130 

1,117 

Partial    cut 

3.1-3.9 

32 

26 

19 

44 

20 

10 

152 

4.0-4.9 

29 

18 

10 

25 

14 

5 

103 

5.0-5.9 

3 

3 

3 

4 

3 

2 

22 

6.0-6.9 

18 

14 

11 

25 

14 

7 

91 

7.0-7.9 

0 

3 

3 

0 

0 

0 

8 

3.0-11.9 

24 

26 

15 

45 

36 

21 

168 

12.0-15.9 

25 

7 

18 

50 

39 

24 

166 

16.0-19.9 

14 

25 

14 

47 

28 

19 

149 

20.0-27.9 

12 

6 

11 

46 

78 

54 

210 

28.0+ 

15 

31 

15 

117 

64 

133 

370 

Total 

177 

163 

124 

408 

299 

279 

1,452 

Private  2./ 

3.1-3.9 

27 

23 

15 

38 

34 

12 

151 

4.0-4.9 

25 

17 

14 

30 

27 

6 

121 

5.0-5.9 

2 

5 

4 

7 

8 

2 

29 

6.0-6.9 

21 

17 

15 

33 

28 

15 

132 

7.0-7.9 

2 

2 

4 

11 

5 

0 

26 

8.0-11.9 

28 

23 

30 

69 

38 

17 

207 

12.0-15.9 

15 

16 

15 

40 

46 

20 

156 

16.0-19.9 

25 

10 

12 

59 

44 

28 

181 

20.0-27.9 

20 

14 

28 

65 

51 

38 

218 

28.0+ 

n 

7 

0 

42 

64 

71 

196 

Total 

180 

139 

140 

397 

350 

213 

1  ,422 

Pondcrosa  pinel^ 

3.1-3.9 

29 

21 

12 

32 

28 

11 

136 

4.0-4.9 

20 

10 

5 

19 

6 

3 

65 

5.0-5.9 

3 

2 

2 

2 

2 

0 

12 

6.0-6.9 

10 

8 

6 

16 

10 

14 

68 

7.0-7.9 

2 

2 

0 

1 

0 

0 

7 

8.0-11.9 

28 

40 

11 

56 

36 

32 

206 

12.0-15.9 

9 

11 

15 

57 

38 

20 

153 

16.0-19.9 

12 

7 

20 

56 

43 

45 

196 

20.0-27.9 

15 

20 

17 

57 

101 

39 

252 

28.0+ 

0 

0 

0 

8 

20 

20 

49 

Total 

132 

126 

93 

320 

288 

187 

1,149 

l/Ooes  not  include  residue  in  large  piles. 

2./ Samples  were  selected  from  all   harvest  methods;   the  majority  of  samples  were  from  partial -cut 
areas. 

l^Sanples  were  selected  from  all   harvest  methods  and  ownership  classes. 


25 


Table  7— Net  volume  (wood  only)  of  logging  residue,  by  small-end  diameter  and 
length  classes,  by  stratum^ 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9       3.1 

0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

Piihir    fAdt 

per  acre 

Coastal : 

^^UU  1  L      1  cc  I, 

Public-- 

Clearcut 

3.1-3.9 

36 

38 

26 

75 

64 

30 

272 

4.0-4.9 

28 

20 

13 

31 

20 

6 

120 

5.0-5.9 

5 

4 

3 

7 

7 

1 

23 

6.0-6.9 

22 

15 

9 

34 

15 

8 

106 

7.0-7.9 

2 

2 

2 

3 

2 

0 

13 

8.0-11.9 

25 

31 

21 

52 

39 

21 

193 

12.0-15.9 

19 

9 

23 

72 

18 

19 

162 

16.0-19.9 

14 

6 

17 

42 

31 

7 

119 

20.0-27.9 

20 

32 

46 

33 

48 

24 

206 

28.0+ 

27 

11 

0 

25 

54 

9 

128 

Total 

203 

172 

163 

370 

303 

129 

1,351 

Partial    cut 

3.1-3.9 

22 

18 

18 

40 

26 

18 

145 

4.0-4.9 

22 

16 

8 

31 

12 

3 

94 

5.0-5.9 

2 

2 

2 

8 

5 

1 

23 

6.0-6.9 

11 

10 

9 

23 

10 

5 

70 

7.0-7.9 

1 

0 

1 

3 

1 

0 

8 

8.0-11.9 

14 

8 

17 

42 

29 

7 

119 

12.0-15.9 

16 

8 

3 

17 

23 

36 

104 

16.0-19.9 

13 

13 

18 

23 

18 

27 

114 

20.0-27.9 

5 

2 

1 

12 

8 

17 

48 

28.0+ 

17 

0 

0 

41 

27 

34 

122 

Total 

128 

80 

81 

244 

165 

151 

851 

Private-- 

Clearcut 

3.1-3.9 

19 

29 

25 

75 

78 

36 

265 

4.0-4.9 

16 

16 

14 

41 

51 

20 

160 

5.0-5.9 

2 

2 

4 

12 

10 

3 

35 

6.0-6.9 

14 

11 

10 

53 

41 

17 

149 

7.0-7.9 

0 

4 

1 

4 

2 

1 

15 

8.0-11.9 

13 

28 

28 

76 

63 

13 

223 

12.0-15.9 

11 

12 

26 

53 

42 

15 

162 

16.0-19.9 

7 

22 

17 

62 

37 

5 

153 

20.0-27.9 

19 

32 

14 

52 

43 

50 

212 

28.0+ 

4 

0 

15 

101 

127 

113 

362 

Total 

109 

161 

160 

533 

498 

277 

1,741 

Partial   cut 

3.1-3.9 

12 

11 

12 

43 

37 

13 

130 

4.0-4.9 

13 

15 

10 

38 

24 

11 

113 

5.0-5.9 

2 

3 

2 

9 

3 

1 

22 

6.0-6.9 

8 

11 

9 

35 

23 

5 

93 

7.0-7.9 

0 

1 

1 

1 

2 

0 

7 

8.0-11.9 

17 

23 

20 

57 

38 

15 

174 

12.0-15.9 

13 

15 

7 

40 

34 

5 

116 

16.0-19.9 

5 

12 

18 

57 

46 

29 

169 

20.0-27.9 

6 

11 

1 

50 

51 

26 

148 

28.0+ 

0 

0 

56 

131 

128 

81 

397 

Total 

78 

107 

140 

466 

390 

190 

1,373 

See  footnotes  at  end  of  table. 
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Table  7 — Net  volume  (wood  only)  of  logging  residue,  by  small-end  diameter  and 
length  classes,  by  stratum-!-^  (continued) 


Length 

(feet) 

Small -end 
diameter 

Startum 

1.0-3.9 

4.0-5.9 

6.0-7.9       8. 

3-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

Piihir    fpol" 

per  acre 

Interior: 

^UU  1 U      1  CC  L 

Public-- 

Clearcut 

3.1-3.9 

22 

19 

11 

41 

31 

6 

133 

4.0-4.9 

20 

11 

12 

32 

13 

5 

94 

5.0-5.9 

2 

3 

1 

5 

2 

0 

15 

6.0-6.9 

13 

14 

10 

23 

10 

6 

79 

7.0-7.9 

0 

1 

1 

3 

0 

0 

6 

8.0-11.9 

14 

15 

10 

44 

19 

11 

116 

12.0-15.9 

9 

5 

19 

29 

12 

14 

90 

16.0-19.9 

3 

3 

13 

15 

26 

0 

63 

20.0-27.9 

9 

4 

9 

15 

28 

3 

70 

28.0+ 

0 

0 

0 

11 

48 

39 

99 

Total 

94 

70 

90 

223 

193 

89 

770 

Partial   cut 

3.1-3.9 

28 

24 

10 

40 

20 

9 

139 

4.0-4.9 

23 

15 

9 

21 

12 

3 

85 

5.0-5.9 

3 

3 

3 

4 

2 

1 

19 

6.0-5.9 

12 

10 

0 

19 

10 

5 

66 

7.0-7.9 

0 

2 

2 

0 

0 

0 

6 

8.0-11.9 

15 

17 

10 

32 

20 

16 

113 

12.0-15.9 

15 

0 

16 

30 

10 

13 

86 

15.0-19.9 

7 

13 

5 

24 

13 

3 

57 

20.0-27.9 

5 

5 

6 

7 

35 

25 

85 

20.0+ 

16 

27 

6 

47 

17 

64 

178 

Total 

127 

120 

05 

228 

143 

142 

849 

Private^./ 

3.1-3.9 

21 

21 

13 

32 

29 

11 

130 

4.0-4.9 

16 

12 

11 

24 

22 

5 

92 

5.0-5.9 

1 

4 

3 

6 

7 

2 

26 

6.0-6.9 

12 

12 

12 

24 

21 

14 

96 

7.0-7.9 

2 

2 

3 

10 

4 

0 

22 

8.0-11.9 

16 

12 

15 

46 

29 

13 

133 

12.0-15.9 

12 

10 

10 

24 

27 

9 

94 

16.0-19.9 

10 

4 

3 

26 

25 

18 

93 

20.0-27.9 

19 

5 

17 

30 

23 

20 

116 

20.0+ 

5 

4 

0 

19 

23 

44 

98 

Total 

120 

90 

98 

244 

213 

138 

906 

Ponderosa   pinel/ 

3.1-3.9 

23 

19 

11 

26 

28 

7 

116 

4.0-4.9 

13 

8 

4 

13 

6 

2 

48 

5.0-5.9 

2 

2 

2 

2 

1 

0 

11 

5.0-6.9 

4 

5 

5 

10 

7 

12 

48 

7.0-7.9 

1 

2 

0 

1 

0 

0 

7 

8.0-11.9 

16 

24 

10 

36 

22 

21 

132 

12.0-15.9 

6 

5 

10 

23 

22 

8 

78 

16.0-19.9 

5 

2 

12 

18 

26 

20 

86 

20.0-27.9 

13 

8 

9 

29 

30 

20 

112 

20.0+ 

0 

0 

0 

2 

4 

7 

14 

Total 

88 

79 

68 

166 

152 

102 

657 

i/ooes  not  include  residue  in  large  piles. 

^/samples  were  selected  from  all    harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

l^Samples  were  selected  from  all    harvest  methods  and  ownership  classes. 


Table  8 — Gross  and  net  volume  (wood  only)  of  logging  residue,  by  percent  of 
chlppable  material,  by  stratum^-/ 


Vol  ume 

Chippable 

material 

(percent) 

stratum 

0 

1-20 

21-40 

41-60 

61-80 

81-99 

100 

To 

Cubic 

feet  per 

acre 

Coastal : 

Public-- 

Clearcut 

Gross 
Net 

30 

0 

139 
14 

256 
77 

241 
120 

232 
162 

271 
243 

609 
609 

1, 
1, 

Partial   cut 

Gross 
Net 

136 

0 

206 
21 

197 
59 

222 
111 

198 
139 

156 
141 

311 
311 

1, 

Private-- 

Clearcut 

Gross 

Net 

35 
0 

166 
17 

249 
75 

414 
207 

328 
230 

308 
277 

842 
842 

2, 
1, 

Partial   cut 

Gross 
Net 

113 

0 

234 
23 

293 
88 

346 
173 

206 
200 

313 
287 

549 
549 

2, 
1, 

Interior: 

Public-- 

Clearcut 

Gross 
Net 

30 
0 

07 
9 

152 
45 

162 
81 

120 
04 

155 
139 

343 
343 

1. 

Partial    cut 

Gross 
Net 

76 
0 

182 
18 

235 
71 

260 
130 

101 
127 

133 
120 

258 
258 

I.' 

Private!/ 

Gross 
Net 

81 
0 

170 
17 

139 
57 

185 
92 

145 
101 

143 
129 

435 
435 

1,; 

Ponderosa  pinel' 

Gross 
Net 

79 
0 

212 
21 

157 
47 

137 
69 

111 
78 

104 
93 

267 
267 

1, 

1 

l^Does  not  include  residue  in  large  piles. 

^/samples  were  selected  from  all    harvest  m( 
partial-cut  areas. 

1/Samples  were  selected  from  all   harvest  methods  and  ownership  classes. 


^/samples  were  selected  from  all    harvest  methods;   the  majority  of  samples  were  from 
partial-cut  areas. 
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Table  9 — Number  of  pieces  of  logging  residue  per  acre,  by  small-end  diameter  and 
length  classes,  by  stratum-!-^ 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

dCTG         -    - 

Coastal : 

Public- 

Clearcut 

3.1-3.9 

41.8 

39.0 

25.9 

58.3 

32.3 

10.9 

208.2 

4.0-4.9 

31.9 

18.2 

10.3 

19.7 

7.5 

1.9 

89.5 

5.0-5.9 

2.8 

2.4 

1.5 

3.9 

1.7 

.2 

12.6 

6.0-6.9 

12.2 

6.0 

3.6 

12.4 

4.5 

1.5 

40.1 

7.0-7.9 

.9 

.6 

.6 

.9 

.8 

0 

3.8 

8.0-11.9 

8.3 

6.4 

4.7 

1.1 

5.4 

2.4 

37.3 

12.0-15.9 

2.4 

1.3 

2.4 

7.3 

2.1 

.9 

16.5 

16.0-19.9 

1.7 

1.1 

1.3 

3.9 

2.3 

.4 

10.7 

20.0-27.9 

1.1 

1.1 

1.9 

2.1 

1.9 

.9 

9.0 

28.0+ 

.4 

.4 

0 

.6 

1.3 

.2 

2.8 

Total 

103.5 

76.5 

52.1 

119.3 

59.7 

19.3 

430.5 

Partial   cut 

3.1-3.9 

28.8 

22.0 

2.9 

39.4 

22.2 

6.2 

139.4 

4.0-4.9 

27.5 

17.5 

9.4 

22.6 

7.9 

1.7 

85.6 

5.0-5.9 

2.1 

1.5 

1.3 

3.6 

1.7 

.4 

10.7 

6.0-6.9 

7.2 

6.6 

4.9 

1.2 

3.8 

.9 

33.7 

7.0-7.9 

.4 

0 

.4 

1.1 

.4 

.2 

2.6 

8.0-11.9 

6.0 

3.4 

4.5 

11.7 

7.7 

.9 

34.1 

12.0-15.9 

3.0 

1.7 

1.5 

3.4 

3.8 

1.7 

15.1 

16.0-19.9 

1.1 

1.5 

1.3 

1.9 

1.9 

1.7 

9.4 

20.0-27.9 

.2 

.6 

.2 

1.3 

.9 

.6 

3.8 

28.0+ 

.4 

0 

0 

1.1 

.4 

.6 

2.6 

Total 

76.7 

54.8 

44.3 

96.4 

50.7 

14.9 

337.9 

Private-- 

Clearcut 

3.1-3.9 

21.7 

27.7 

23.5 

63.4 

42.6 

13.4 

192.4 

4.0-4.9 

19.4 

13.6 

10.4 

29.5 

23.5 

3.4 

99.8 

5.0-5.9 

1.6 

1.8 

1.9 

5.1 

2.6 

.7 

13.8 

6.0-6.9 

7.9 

5.1 

4.6 

17.1 

9.7 

2.6 

47.2 

7.0-7.9 

.4 

1.4 

.5 

1.2 

.9 

.2 

4.6 

8.0-11.9 

4.8 

7.2 

7.2 

14.8 

9.5 

1.9 

45.6 

12.0-15.9 

1.9 

1.4 

2.8 

6.5 

4.2 

.9 

17.8 

16.0-19.9 

.5 

1.8 

1.4 

3.9 

2.3 

.5 

10.4 

20.0-27.9 

1.1 

1.6 

.7 

2.6 

2.8 

1.9 

10.8 

28.0+ 

.2 

0 

.2 

2.1 

2.5 

1.6 

6.5 

Total 

59.5 

61.7 

53.4 

146.5 

100.7 

27.2 

448.9 

Partial   cut 

3.1-3.9 

13.5 

13.7 

13.0 

37.4 

22.4 

4.8 

104.8 

4.0-4.9 

16.0 

15.0 

8.9 

23.7 

11.9 

2.3 

77.8 

5.0-5.9 

1.3 

1.6 

1.6 

4.3 

1.0 

.2 

10.1 

6.0-6.9 

4.8 

5.9 

4.3 

12.5 

5.6 

1.2 

34.3 

7.0-7.9 

0 

.5 

.3 

.7 

.5 

0 

2.0 

8.0-11.9 

5.8 

6.9 

4.6 

12.7 

6.3 

2.3 

38.6 

12.0-15.9 

1.6 

2.5 

1.3 

5.6 

3.5 

.7 

15.2 

16.0-19.9 

.7 

1.6 

1.8 

5.3 

3.1 

1.2 

13.7 

20.0-27.9 

.7 

.7 

.2 

3.0 

2.8 

.8 

8.1 

28.0+ 

0 

0 

1.3 

3.0 

2.5 

1.2 

7.9 

Total 

44.3 

48.5 

37.4 

108.1 

59.5 

14.5 

312.3 

See  footnotes  at  end  of  table.' 
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Table  9 — Number  of  pieces  of  logging  residue  per  acre,  by  small-end  diameter  and 
length  classes,  by  stratum-^  (continued) 


Lengtf 

1   (feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

Interior: 

acre       -  - 

Public— 

Clearcut 

3.1-3.9 

25.0 

18.2 

11.1 

32.0 

15.7 

1.4 

103.4 

4.0-4.9 

20.7 

9.3 

7.7 

17.5 

5.5 

1.1 

61.8 

5.0-5.9 

.7 

1.4 

.7 

2.7 

1.3 

.2 

7.0 

6.0-6.9 

7.1 

5.9 

4.5 

8.4 

2.9 

1.1 

29.8 

7.0-7.9 

0 

.4 

.4 

.5 

.2 

0 

1.4 

8.0-11.9 

4.6 

3.9 

2.1 

7.5 

2.5 

1.1 

21.8 

12.0-15.9 

1.3 

.5 

2.5 

4.3 

1.6 

.5 

10.7 

16.0-19.9 

.4 

.5 

1.3 

1.3 

2.0 

0 

5.4 

20.0-27.9 

.4 

.4 

.4 

.9 

1.4 

.2 

3.6 

28.0+ 

0 

0 

0 

.4 

1.4 

.9 

2.7 

Total 

60.2 

40.5 

30.5 

75.4 

34.5 

6.4 

247.6 

Partial   cut 

3.1-3.9 

32.2 

25.0 

18.7 

36.5 

12.5 

1.8 

126.5 

4.0-4.9 

25.2 

12.5 

7.0 

12.5 

5.7 

1.4 

64.2 

5.0-5.9 

1.8 

1.9 

1.6 

1.9 

.4 

.2 

7.8 

6.0-6.9 

7.2 

4.9 

3.9 

6.8 

2.3 

1.0 

26.1 

7.0-7.9 

.2 

.8 

1.0 

.2 

0 

0 

2.1 

8.0-11.9 

4.7 

4.3 

2.9 

7.8 

3.9 

1.4 

25.0 

12.0-15.9 

2.1 

.8 

1.4 

3.9 

2.3 

.8 

11.3 

16.0-19.9 

.8 

1.4 

.8 

2.5 

1.4 

.8 

7.6 

20.0-27.9 

.2 

.2 

.4 

1.4 

2.1 

1.4 

5.7 

28.0+ 

.2 

.4 

.2 

1.6 

.6 

1.4 

4.3 

Total 

74.5 

52.1 

37.8 

75.1 

31.2 

9.9 

280.6 

Private^./ 

3.1-3.9 

25.6 

23.1 

13.7 

33.2 

19.0 

3.8 

118.4 

4.0-4.9 

20.8 

12.8 

9.2 

18.0 

9.9 

1.5 

72.1 

5.0-5.9 

1.2 

2.3 

1.7 

3.2 

2.6 

.4 

11.5 

6.0-6.9 

8.7 

6.5 

5.5 

9.3 

6.8 

1.7 

38.7 

7.0-7.9 

.7 

.9 

1.0 

2.8 

1.0 

0 

6.4 

8.0-11.9 

5.8 

4.4 

5.1 

10.5 

5.2 

1.6 

32.6 

12.0-15.9 

1.3 

1.5 

1.3 

3.5 

2.9 

.7 

11.2 

16.0-19.9 

1.3 

.6 

.7 

2.9 

1.9 

1.2 

8.6 

20.0-27.9 

.6 

.4 

.9 

1.7 

1.5 

.9 

6.0 

28.0+ 

.1 

.1 

0 

.7 

.9 

.7 

2.6 

Total 

66.2 

52.6 

39.1 

85. C 

51.8 

12.5 

308.0 

Ponderosa  pinel/ 

3.1-3.9 

27.6 

16.2 

11.2 

20.6 

13.0 

2.2 

90.8 

4.0-4.9 

16.8 

8.3 

4.0 

8.1 

1.9 

.5 

39.5 

5.0-5.9 

1.4 

.9 

1.0 

1.0 

.5 

0 

4.8 

6.0-6.9 

4.3 

3.1 

1.7 

5.0 

2.8 

1.2 

18.1 

7.0-7.9 

.5 

.7 

.2 

.3 

.2 

0 

1.9 

8.0-11.9 

5.5 

5.7 

2.1 

8.8 

3.6 

1.9 

27.6 

12.0-15.9 

.9 

1.0 

1.6 

4.1 

2.2 

.5 

10.4 

16.0-19.9 

.7 

.3 

1.0 

2.9 

1.7 

1.7 

8.5 

20.0-27.9 

.5 

.5 

.5 

1.9 

2.4 

1.0 

6.9 

28.0+ 

0 

0 

0 

.2 

.3 

.3 

.9 

Total 

58.2 

36.8 

23.3 

53.0 

28.7 

9.5 

209.5 

l/ooes  not  include  residue  in  large  piles. 

2./ Samples  were  selected  from  all  harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

2/Samples  were  selected  from  all  harvest  methods  and  ownership  classes. 
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Table  1 0 — Distribution  of  logging  residue  by  slope  and  distance  to 
road  classes,  by  stratum-!^ 


Slope 

Distance 

to 

road  (feet) 

Stratum 

0-500 

501-1  ,000 

1,100 

Total 

cut 

Percent 

7.2 
12.4 

Coastal : 
Public-- 
Cl earcut 

0-35 
36+ 

0-35 
36+ 

33.9 
45.2 

0.3 
1.0 

41.4 
58.6 

Total 
Partial 

79.1 

50.8 
31,2 

19.6 

5.2 
8.8 

1.3 

0 
4.0 

100.0 

56.0 
44.0 

Total 


82.0 


14.0 


4.0 


100.0 


Private-- 
Cl earcut 

0-35 
36+ 

0-35 
35+ 

24.4 
62.2 

4.1 
8.9 

.2 
.2 

28.7 
71.3 

Total 
Partial   cut 

86.6 

41.5 
36.2 

13.0 

7.2 
14.5 

.4 

.3 
.3 

100.0 

49.0 
51.0 

Total 


77.7 


21.7 


.6 


100.0 


Interior: 
Public-- 
Cl  earcut 

0-35 
36+ 

0-35 
36+ 

0-35 
35+ 

0-35 
36+ 

55.2 
28.0 

13.2 
2.6 

0 
0 

69.4 
30.5 

Total 
Partial    cut 

84.2 

46.8 
13.4 

15.3 

24.4 
10.1 

0 

4.8 
.5 

100.0 

76.0 
24.0 

Total 
Private^/ 

60.2 

60.3 
17.0 

34.5 

15.7 
4.3 

5.3 

.6 
2.1 

100.0 

76.6 
23.4 

Total 
Ponderosa  pinel^ 

77.3 

60.6 
10.2 

20.0 

20.0 
4.2 

2.7 

2.6 
2.4 

100.0 

83.2 
16.8 

Total 

70.8 

24.2 

5.0 

100.0 

1/lncludes  residue  in  large  piles  that  were  usually,   but  not 
always,  adjacent  to  a  road. 

^./samples  were  selected  from  all    harvest  methods;   the  majority  of 
samples  were  from  partial -cut  areas. 

1/samples  were  selected  from  all    harvest  methods  and  ownership 
classes. 
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Volume  by  diameter  and  length  classes. — Tables  6  and  7  give  the  distribution  of 
gross  and  net  residue  volume  (wood  only)  for  each  of  the  study  strata.  The  gross  volum 
table  represents  material  that  must  be  handled,  whether  for  product  recovery  or  for 
treatment.  Net  volume  represents  the  chippable  content  of  residue.  Even  if  product 
recovery  is  the  major  objective,  gross  volume  is  an  important  consideration. 

The  data  are  reported  here  in  cubic  feet  per  acre  because  feasibility  studies  usually 
involve  per-acre  figures.  In  some  situations  it  may  be  desirable  to  relate  residue 
characteristics  to  cubic  feet  per  1 ,000  board  feet  of  harvest  volume.  This  can  be 
accomplished  by  determining  the  desired  relationship  of  gross  or  net  volume  from  thes 
tables  and  applying  it  to  CF/MBF  volume  estimates  on  a  percentage  basis. 

The  data  in  tables  6  and  7  can  be  used  to  determine  the  relation  between  gross  and  nel 
residue  volume  for  any  size  class  or  the  proportion  of  residue  above  or  below  a  cert; 
utilization  standard.  The  following  tabulation  compares,  for  example,  gross  and  net 
volume  for  two  size  categories  on  public  clearcuts  in  California: 

Residue  volume 
Diameter/length  class  Gross  Net 

-  -  (CF/AC)  -  - 
Diameter:  3. 1-3.9  inches  „  _(. 

Length:     8.0-15.9  feet 

Diameter:  16.0-1 9.9  inches  _„  .„ 

Length:       8.0-15.9  feet 


In  this  example  nearly  all  the  gross  volume  (95  percent)  in  the  smaller  diameter  clas! 
(3.1  to  3.9  inches)  is  sound.  But  in  the  larger  diameter  class  only  42  cubic  feet,  or  58 
percent,  of  the  gross  volume  is  chippable.  This  type  of  information  is  critical  in  evaluatin 
the  net  fiber  cost  when  assessing  utilization  of  residue  materials.  Similar  comparison 
can  be  made  for  large-end  diameter  classes  by  using  tables  1 9  and  20  in  the  appendix 

Tables  13  through  23  in  the  appendix  provide  additional  data  on  the  portion  of  residi 
that  was  from  softwoods  or  hardwoods  or  was  live  or  dead/cull  at  the  time  of  harvest 
This  information  may  be  especially  significant  if  product  options  differ  by  species  orf 
green  versus  dead/cull  material.  These  tables  also  provide  some  of  the  same  classifica 
tions  of  residue  by  large-end  diameter  classes. 

Percent  chippable. — The  suitability  of  logging  residue  for  a  given  product  usually 
depends  on  physical  characteristics  of  the  material.  A  key  factor  is  the  nature  and 
amount  of  defect  acceptable  for  a  given  type  of  product.  Checking  and  splitting,  for 
example,  make  wood  less  suitable  for  sawn  products  but  have  no  effect  on  the  quantity' 
or  quality  of  wood  chips.  Likewise,  decay  beyond  the  very  early  stages  may  prohibit  usi 
for  pulp  but  not  necessarily  for  energy. 
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Assessment  of  the  cost  and  returns  of  converting  residue  into  a  particular  product 
requires  that  the  acceptable  level  of  defect  be  defined.  Material  that  does  not  meet  this 
standard  is  rejected  as  having  too  little  usable  content  to  justify  the  cost  of  handling  and 
processing.  The  data  presented  in  table  8  can  be  used  to  make  these  broad  types  of 
evaluations.  Gross  and  net  volume  of  scattered  residue  are  given  for  seven  classes  of 
chippability.  The  data  in  tables  6  and  7  can  be  used  to  further  refine  estimates  of  residue 
volume  that  can  be  considered  economically  available. 

Following  is  an  example  of  how  to  interpret  the  data  in  table  8.  In  the  interior  private 
stratum  gross  volume  of  residue  in  the  61-  to  80-percent  chippable  class  is  145  cubic 
feet  per  acre.  Net  volume  for  this  class  is  101  cubic  feet  per  acre.  Thus,  145  cubic  feet 
would  have  to  be  processed  to  recover  101  cubic  feet  of  usable  wood  fiber.  This  net 
volume  indicated  above  is  not  synonymous  with  recovery  of  solid  wood  products 
because  defects,  such  as  cracks,  splits,  and  early  stages  of  decay,  greatly  reduce  use 
for  these  products.  Therefore,  the  data  in  table  8  cannot  be  used  to  make  precise 
assessments  of  solid  product  potential. 

Number  of  pieces  per  acre. — The  cost  of  retrieving  residue  material  is  a  critical  factor 
in  decisions  about  utilization.  Because  equipment  needs  and  costs  of  handling  residue 
vary  considerably,  it  is  necessary  to  know  the  number  of  pieces  and  the  volume  by  size 
classes  (see  table  9).  Tables  24  and  30  in  the  appendix  show  number  of  pieces  per  acre 
by  species,  by  live  versus  dead  or  cull,  and  for  small-end  and  large-end  diameter 
classes. 

Because  the  data  in  table  9  are  averages  for  each  stratum,  the  tabulations  include 
fractions  of  pieces.  In  actuality,  certain  diameter  or  length  classes  may  be  represented 
on  specific  cutover  areas,  but  not  on  others.  This  is  particularly  true  for  the  larger  size 
classes.  What  is  important,  however,  is  whether  there  are  few  or  many  pieces  of  a  given 
size. 

Volume  per  piece  may  be  important  in  some  assessments  of  logging  residue.  Tables  6 
and  9  can  be  used  to  estimate  the  average  gross  volume  per  piece  by  dividing  the 
volume  of  residue  in  a  specific  diameter  and  length  class  by  the  number  of  pieces  in  that 
class.  For  example,  table  6  shows  that  in  the  interior  private  stratum,  pieces  3.1  to  3.9 
inches  in  diameter  and  16.0  to  31.9  feet  long  have  a  gross  volume  of  34  cubic  feet  per 
acre.  Table  9  shows  that  for  the  same  size  class  there  are  19.0  pieces  per  acre. 
Therefore,  the  average  volume  per  piece  is  about  1 .79  cubic  feet.  Table  7  can  be  used 
to  find  the  net  volume  per  piece  in  a  similar  fashion. 
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An  interesting  comparison  between  volume  per  acre  and  number  of  pieces  per  acre  can 
be  made  by  using  data  from  tables  6  and  9.  The  tabulation  below  compares  the  gross 
volume  (table  6)  of  residue  less  than  6  inches  in  diameter  with  the  number  of  pieces 
(table  9)  less  than  6  inches  in  diameter. 


Residue  less  than  6  inches  in  diameter 


As  a  percent 

As  a  percent  of  all 

Stratum 

of  gross  volume 

-  (Percent)  - 

pieces  per  acre 

Coastal: 

Public— 

Clearcut 

28 

72 

Partial  cut 

26 

70 

Private— 

Clearcut 

16 

68 

Partial  cut 

14 

62 

Interior: 

Public— 

Clearcut 

21 

70 

Partial  cut 

23 

71 

Private 

22 

66 

Ponderosa  pine 

22 

64 

These  results  show  that  although  the  number  of  pieces  of  residue  less  than  6  inches  is 
quite  high,  the  volume  in  these  pieces  constitutes  less  than  half  the  total  gross  volume. 

Residue  distribution. — The  distribution  of  residue  over  harvested  areas  is  important  in 
decisions  concerning  equipment  needed  to  utilize  these  materials.  Two  factors  that  af- 
fect the  type  of  equipment  used  to  retrieve  residue  are  slope  and  distance  to  the  nearest 
road.  The  degree  of  slope  of  the  harvested  area  determines  whether  ground-based  or 
cable  systems  are  required  to  yard  the  residue.  Equipment  limitations,  such  as  maximum 
yarding  distance,  are  determined  by  distance  from  the  landing  at  roadside.  As  a  rule,  re- 
logging  does  not  recover  the  cost  of  new  road  construction;  thus,  roads  built  during  initial 
logging  will  generally  be  used  for  residue  recovery  operations. 

Table  1 0  gives  the  average  distribution  of  logging  residue  on  cutover  areas  by  slope  and 
distance  to  the  nearest  road.  This  table  includes  residue  in  large  piles,  which  are  usually 
located  adjacent  to  roads. 
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Ratios  for  estimating  residue  volume  developed  in  this  report  have  a  variety  of  uses.  A 
major  use  of  these  data  will  be  for  estimating  the  volume  of  residue  expected  from  timber 
harvest  activities  within  a  uniquely  defined  supply  zone.  The  following  is  a  hypothetical 
example  of  how  data  in  this  report  can  be  used  to  generate  an  estimate  of  the  volume 
of  residue  for  a  specific  location. 

In  this  example,  an  estimate  of  annual  residue  volume  is  needed  for  a  feasibility  study 
of  a  proposed  wood-fired  power  generation  facility  in  Placerville,  California.  Figure  8 
shows  the  proposed  supply  zone.  The  boundaries  are  based  on  existing  transportation 
systems,  timber  harvest  patterns,  and  an  assumed  cost-effective  haul  distance  for 
residue  of  75  miles.  Although  some  residue  outside  the  supply  zone  may  be  cheaper  to 
recover  than  some  within  the  zone,  no  attempt  is  made  to  account  for  it  in  this  example. 
Both  wood  and  bark  residue  is  considered  acceptable  as  fuel  for  the  proposed  facility. 


Placerville 


CALIFORNIA 


Figure  8^ — Supply  zone  for  a  hypothetical  wood-using  facility  located 
at  Placerville,  California. 
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Two  types  of  data  are  needed  to  estimate  residue  volume  for  the  supply  zone:  (1 )  annu 
harvest  volume  or  acreage  for  each  stratum  within  the  supply  zone,  and  (2)  appropriate 
residue  ratios  corresponding  to  strata  in  the  supply  zone  identified  above.  Harvest 
volumes  must  be  determined  from  available  timber  harvest  records.  For  this  exampii 
the  ratio  for  net  residue  volume  (wood  and  bark)  is  taken  from  table  1 . 

Shown  below  are  the  harvest  volumes  and  residue  ratios  for  the  situation  described. 

Estimated  annual 


Stratum 

harvest  volume 

(MBF) 

Residue  ratio 

(CF/MBF) 

Interior: 

Public— 

Clearcut 

119,248 

47 

Partial  cut 

189,659 

79 

Private 

137,602 

72 

Ponderosa  pine 

48,886 

83 

Annual  residue  volume  for  the  example  can  be  estimated  by  multiplying  the  figures 
shown  above  as  follows: 

Public  (clearcut)  1 19,248  x  47  =  5,604,656  cubic  feet 

Public  (partial  cut)  189,659  x  79  =  14,983,061  cubic  feet 

Phvate  137,602  x  72  =  9,907,344  cubic  feet 

Ponderosa  pine  48,886  x  83  =    4,057,538  cubic  feet 

Total  34,552,599  cubic  feet 

The  35  million  cubic  feet  of  residue  computed  above  represents  an  estimate  of  the  tota 
volume  created  annually.  This  amount  might  not  be  available  for  use  because  of  oth 
considerations.  Equipment  limitations,  for  example,  might  affect  the  minimum  size  piec 
that  can  be  recovered.  For  the  situation  described  above,  it  is  assumed  the  planned 
equipment  can  only  handle  residue  materials  at  least  8  inches  in  diameter  and  8  feet  in 
length.  Information  in  table  7  can  be  used  to  estimate  the  proportion  of  the  total  volume 
of  residue  that  meets  this  size  requirement. 

Information  for  modifying  the  total  volume  estimate  is  shown  below: 

Proportion  of  residue 
at  least  8  inches  in  diamete 
and  8  feet  In  length 


0.82 
.81 
.84 

.85 


Estimated  total 

Stratum 

residue  volume 

(Cubic  feet) 

Interior: 

Public— 

Clearcut 

5,604,656 

Partial  cut 

14,983,061 

Private 

9,907,344 

Ponderosa  pine 

4,057,538 
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The  annual  volume  of  residue  nneeting  the  minimum  size  criteria  is  determined  by 
multiplying  the  above  figures  as  follows: 

Public  (clearcut)  5,604,656x0.82-  4,595,818  cubic  feet 

Public  (partial  cut)  14,983,061x0.81    -  12,136,279  cubic  feet 

Private  9,907,344x0.84=  8.322,169  cubic  feet 

Ponderosa  pine  4,057,538  x  0.85  =  3,448,907  cubic  feet 

Total  28,503,173  cubic  feet 

These  computations  show  the  estimated  residue  volume,  meeting  the  minimum  size 
requirement,  to  be  approximately  28  million  cubic  feet.  Again,  the  entire  28  million  cubic 
feet  of  residue  may  not  be  available  for  use.  For  example,  if  the  equipment  used  to 
recover  the  residue  is  limited  to  slopes  of  35  percent  or  less,  some  of  the  above  volume 
will  be  technically  out  of  reach.  The  data  in  table  1 0  can  be  used  to  determine  the  impact 
of  this  limitation.  Taking  the  volume  of  residue  from  the  previous  computation  and 
appropriate  figures  from  table  10  the  following  calculations  can  be  made: 

Public  (clearcut)  4,595,818  x  0.694  =  3,189,498  cubic  feet 

Public  (partial  cut)  12,136,279  x  0.760  -  9,223,572  cubic  feet 

Phvate  8,322,169  x  0.766  =  6,374,781  cubic  feet 

Ponderosa  pine  3,448,907  x  0.832  =  2,869,491  cubic  feet 

Total  21 ,657,342  cubic  feet 

Thus  the  limitation  caused  by  equipment  operability  has  further  reduced  the  available 
residue  volume  to  just  less  than  22  million  cubic  feet.  This  volume  can  be  converted  to 
weight  by  using  density  values  shown  in  appendix  1 .  A  composite  value  of  24  pounds 
(dry)  per  cubic  foot  is  reasonable  for  the  area  included  in  this  example.  Using  this  figure 
the  above  21 .7  million  cubic  feet  converts  to  about  260,000  bone  dry  tons.  If  no  other 
factors  are  assumed  to  affect  supply,  this  is  the  amount  of  residue  available  for  use  at 
the  proposed  facility. 

Other  factors,  such  as  future  harvest  levels,  competition  for  available  supplies,  manage- 
ment objectives,  and  cost  considerations  play  an  important  part  in  determining  the 
amount  of  residue  available  for  energy  conversion.  It  is  the  responsibility  of  the  analyst 
to  make  these  determinations.  The  above  estimate,  however,  provides  a  good  baseline 
for  feasibility  studies,  such  as  that  for  the  hypothetical  situation  described  above. 
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Precision  of  Results 


The  data  in  this  report  represent  a  new  level  of  information  on  logging  residue  in 
California  and  issues  related  to  site-specific  analyses.  These  data  provide  a  basis  not 
previously  available  for  assessing  logging  residue,  but  they  do  have  limitations.  Table 
1 1  gives  the  relevant  statistical  elements  for  determining  precision  of  study  results. 

The  indices  of  precision  used  here  are  based  on  gross  wood  volume  of  residue  in  cubic 
feet  per  acre  (CF/AC),  because  the  CF/AC  volume  of  residue  is  the  primary  estimate 
provided  by  study  measurements.  Indices  for  CF/MBF  ratios  are  not  provided  because 
they  use  actual  timber  harvest  information  provided  by  land  owners.  If  errors  in  timber 
harvest  volume  exist,  they  are  unknown. 


Table  11 — Statistical  information  for  determination  of  sampling  precision,  by 
stratum 


Stratum 

Number 
sampl< 

of 

2S 

Ave 
vol 

rage  gross 
ume  (wood) 

Stan 
of 

dard  error 
the  mean 

Coastal : 
Public-- 

Clearcut 
Partial   cut 

25 
25 

Cubic 

feet  per  acre 

2,216 
1,651 

202.0 
132.5 

Private-- 

Clearcut 
Partial   cut 

27 
30 

2,483 
2,227 

219.2 
245.3 

Interior: 
Public-- 

Clearcut 
Partial   cut 

25 
28 

1,217 
1,578 

121.2 
177.6 

Private!/ 

35 

1,527 

169.3 

Ponderosa  pinel/ 

25 

1,232 

176.4 

i/samples  were  selected  from  all   harvest  methods;  the  majority  of  samples 
were  from  partial -cut  areas. 

^./samples  were  selected  from  all   harvest  methods  and  ownership  classes. 


Table  12  gives  the  range  of  study  data  for  selected  characteristics.  This  information  is 
included  to  provide  additional  insight  into  the  application  of  study  results.  It  may  also  be 
useful  if  application  is  intended  for  areas  beyond  the  scope  of  this  report,  for  example, 
if  the  supply  zone  for  a  selected  site  includes  geographic  areas  outside  the  boundaries 
of  this  study.  If  data  in  this  report  are  the  only  available  source,  the  information  in 
table  12  may  help  determine  their  usefulness,  but  application  should  be  restricted  to 
the  range  of  data  indicated  in  table  12.  The  level  of  accuracy  associated  with  the 
results  of  this  report  does  not  apply  to  extensions  beyond  the  scope  of  the  study. 
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Table  12 — Range  of  study  data  for  stand  age,  harvest  volume,  area  cut,  and 
residue  volume,  by  stratum 


Sample 

characteristics 

Stratum 

Stand 
age 

Harvest 
volume 

Area 
cut 

Net  wood 
residue  volume 

years 

thousand 
fbm/acre 

acres 

ft^/acre 

Coastal : 
Public-- 
Clearcut 

80-300 

8-  78 

5- 

44 

16-2,640 

Partial   cut 

70-270 

2-  45 

7- 

369 

323-2,141 

Private-- 
Clearcut 

50-650 

3-135 

7- 

90 

539-4,694 

Partial   cut 

50-800 

2-150 

10- 

687 

261-3,360 

Interior: 
Public-- 
Clearcut 

90-300 

2-  62 

6- 

41 

262-1 ,733 

Partial   cut 

80-300 

2-  44 

6- 

853 

145-2,393 

Privatel/ 

70-270 

3-  77 

12-1 

,800 

61-3,458 

Ponderosa  pinei./ 

100-350 

3-   35 

10- 

840 

56-3,462 

1/samples  were  selected  from  all    harvest  methods;  the  majority  of  samples 
were  from  partial -cut  areas. 

^./samples  were  selected  from  all    harvest  methods  and  ownership  classes. 
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Metric  Equivalents 


1  inch  =  2.54  centimeters 

1  foot  =  30.48  centimeters 

1  mile  =  1 .609  kilometers 

1  acre  =  0.405  hectare 

1  cubic  foot  =  0.0283  cubic  meter  (stere) 

1  pound  =  0.454  kilogram 

1  ton  =  0.907  metric  ton 

1  British  thermal  unit  (Btu)  ==  1,055.87  joules 
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Appendix  1 

Wood  Density  and 
Heating  Values  for 
Selected  Species 


Species 


Douglas-fir  (Pseudotsuga  menziesii  (Mirb.)  Franco) 
Redwood  (Sequoia  sempervirens  (D.  Don.)  Endl.) 
Ponderosa  pine  (Pinus  ponderosa  Dougl.  ex  Laws.) 
Lodgepole  pine  (Pinus  contorta  Dougl.  ex  Loud.) 
Western  white  pine  (Pinus  monticola  Dougl. 

ex  D.  Don) 
Spruces  (Picea  spp.) 

Western  hemlock  (Tsuga  heterophylla  (Raf.)  Sarg.) 
True  firs  (Abies  spp.) 

Western  redcedar  (Thuja  plicata  Donn.  ex  D.  Don) 
Western  larch  (Larix  occidentalis  Nutt.) 
California  black  oak  (Quercus  kelloggii  Newb.) 
Oregon  white  oak  (Quercus  garryana  Dougl. 

ex  Hook.) 
Aspen  (Populus  tremuloides  Michx.) 
Red  alder  (AInus  rubra  Bong.) 
Black  Cottonwood  (Populus  trichocarpa 

Torr.  &  Gray) 


Higher  heating 

Density, 

values, 

dry  weight- 

dry  weight- 

(Pounds  per 

(BTU  per 

cubic  foot) 

pound) 

28 

9,050 

24 

8,770 

24 

9,100 

24 

8,730 

22 

_3y 

22 

— 

26 

8,260 

23 

— 

19 

9,700 

30 

8,510 

35 

— 

37 

8,100 

22 

— 

23 

8,000 

19 

8,510 

-'  USDA  Forest  Products  Laboratory  (1974). 
^  Arola  (1977)  and  Bergvall  and  others  (1978). 
^'  =  no  information  available. 
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Appendix  2 

Tables  13-32 


Table  13 — Gross  volume  (wood  only)  of  live  logging  residue,  by  small-end 
diameter  and  length  classes,  by  stratum-^ 


Length   (feet) 

Small -end 
dianeter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

Cubic 

feet  per  acre 

Coastal: 

Public-- 

Clearcut 

3.1-3.9 

17 

25 

17 

54 

49 

23 

186 

4.0-4.9 

12 

11 

8 

20 

16 

5 

73 

5.0-5.9 

1 

2 

2 

4 

5 

0 

17 

6.0-6.9 

12 

8 

6 

19 

12 

7 

67 

7.0-7.9 

1 

1 

2 

2 

1 

0 

9 

8.0-11.9 

10 

16 

12 

24 

24 

5 

93 

12.0-15.9 

0 

4 

9 

44 

7 

5 

79 

16.0-19.9 

3 

5 

9 

10 

5 

3 

38 

20.0-27.9 

9 

5 

30 

12 

27 

0 

86 

28.0+ 

23 

12 

0 

0 

33 

0 

69 

Total 

99 

94 

99 

192 

182 

51 

720 

Partial    cut 

3.1-3.9 

o 

9 

11 

20 

14 

13 

78 

4.0-4.9 

0 

G 

3 

14 

4 

1 

38 

5.0-5.9 

1 

1 

0 

4 

3 

0 

11 

6.0-5.9 

7 

5 

6 

9 

1 

2 

31 

7.0-7.9 

1 

0 

0 

1 

0 

0 

3 

8.0-11.9 

4 

1 

3 

11 

5 

1 

33 

12.0-15.9 

12 

4 

0 

2 

4 

2 

25 

16.0-19.9 

6 

9 

6 

10 

2 

0 

34 

20.0-27.9 

5 

0 

0 

0 

0 

0 

5 

28.0+ 

15 

0 

0 

23 

21 

13 

74 

Total 

72 

30 

36 

97 

59 

35 

340 

Private-- 

Clearcut 

3.1-3.9 

16 

21 

20 

62 

76 

36 

234 

4.0-4.9 

13 

9 

10 

36 

45 

19 

134 

5.0-5.9 

2 

2 

4 

10 

8 

3 

32 

6.0-6.9 

10 

5 

8 

37 

33 

16 

111 

7.0-7.9 

0 

3 

0 

3 

1 

1 

9 

8.0-11.9 

7 

21 

11 

52 

45 

10 

149 

12.0-15.9 

8 

4 

10 

24 

26 

14 

88 

16.0-19.9 

6 

13 

6 

27 

21 

2 

73 

20.0-27.9 

4 

10 

7 

0 

5 

42 

70 

28.0+ 

0 

0 

0 

49 

38 

55 

143 

Total 

69 

92 

79 

305 

304 

204 

1,055 

Partial   cut 

3.1-3.9 

7 

8 

9 

38 

37 

15 

117 

4.0-4.9 

9 

11 

6 

32 

21 

8 

89 

5.0-5.9 

1 

2 

1 

8 

3 

0 

17 

6.0-6.9 

5 

7 

6 

33 

19 

3 

76 

7.0-7.9 

0 

0 

0 

0 

1 

0 

3 

8.0-11.9 

10 

13 

7 

40 

17 

14 

104 

12.0-15.9 

12 

8 

3 

28 

22 

2 

70 

16.0-19.9 

0 

0 

7 

30 

23 

9 

69 

20.0-27.9 

5 

4 

0 

16 

0 

0 

26 

28.0+ 

0 

0 

9 

20 

17 

27 

75 

Total 

53 

57 

53 

249 

164 

80 

658 

See  footnotes  at  end  of  table. 
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Table  13 — Gross  volume  (wood  only)  of  live  logging  residue,  by  small-end 
diameter  and  length  classes,  by  stratum-^  (continued) 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8. 

3-15.9       16 

0-31.9 

32.0+ 

Total 

Inches 

r  1 1  h  T  r 

feet 

per  acre 

Interior: 

OUU  1  L 

Public-- 

Clearcut 

3.1-3.9 

13 

13 

8 

33 

23 

5 

98 

4.0-4.9 

10 

7 

7 

24 

8 

1 

59 

5.0-5.9 

0 

2 

0 

3 

1 

0 

9 

6.0-6.9 

6 

8 

5 

10 

0 

3 

43 

7.0-7.9 

0 

1 

0 

0 

0 

0 

3 

8.0-11.9 

11 

5 

5 

16 

14 

6 

59 

12.0-15.9 

6 

2 

11 

9 

4 

4 

38 

16.0-19.9 

3 

5 

3 

4 

2 

0 

19 

20.0-27.9 

4 

9 

4 

0 

0 

0 

25 

20.0+ 

0 

0 

0 

0 

16 

13 

29 

Total 

56 

56 

47 

110 

80 

34 

386 

Partial    cut 

3.1-3.9 

12 

10 

9 

21 

12 

5 

73 

4.0-4.9 

8 

8 

4 

n 

5 

1 

39 

5.0-5.9 

2 

2 

0 

3 

0 

0 

10 

6.0-5.9 

3 

2 

3 

8 

3 

2 

25 

7.0-7.9 

0 

? 

0 

0 

0 

0 

1 

3.0-11.9 

5 

9 

3 

7 

2 

2 

30 

12.0-15.9 

13 

0 

9 

8 

1 

0 

32 

16.0-19.9 

5 

0 

0 

7 

0 

0 

21 

20.0-27.9 

9 

0 

8 

0 

12 

0 

30 

23.0+ 

11 
71 

11 

0 

8 

12 

18 

63 

Total 

56 

40 

77 

51 

31 

328 

Privato,?./ 

3.1-3.9 

14 

13 

10 

23 

22 

10 

94 

4.0-4.9 

8 

7 

6 

18 

14 

2 

57 

5.0-5.9 

0 

3 

2 

4 

7 

1 

19 

6.0-6.9 

5 

6 

9 

14 

14 

O 

58 

7.0-7.9 

1 

1 

2 

7 

3 

0 

17 

8.0-11.9 

9 

6 

7 

31 

16 

0 

79 

12.0-15.9 

6 

7 

G 

10 

5 

0 

37 

16.0-19.9 

16 

2 

7 

8 

2 

8 

45 

20.0-27.9 

14 

4 

13 

4 

15 

0 

52 

20.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

77 

53 

67 

123 

101 

39 

463 

Ponderosa  pineA/ 

3.1-3.9 

11 

8 

5 

13 

15 

3 

57 

4.0-4.9 

4 

3 

2 

4 

4 

0 

19 

5.0-5.9 

0 

1 

0 

1 

1 

0 

5 

6.0-6.9 

2 

2 

2 

3 

3 

0 

14 

7.0-7.9 

1 

1 

0 

0 

0 

0 

4 

0.0-11.9 

9 

7 

5 

16 

3 

3 

45 

12.0-15.9 

3 

4 

6 

5 

6 

0 

25 

16.0-19.9 

5 

0 

8 

2 

10 

0 

27 

20.0-27.9 

14 

18 

0 

17 

0 

0 

50 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

52 

47 

31 

66 

46 

6 

251 

l/Ooes  not  include  residue  in  large  piles. 

l/Saniples  were  selected  from  all    harvest  methods;   the  majority  of  samples  were  from  partial -cut 
areas. 

l^Sanples  were  selected  from  all    harvest  methods  and  ownership  classes. 
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Table  14 — Gross  volume  (wood  only)  of  logging  residue,  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum-^ 


stratum 


Small -end 
diameter 


Length  (feet) 


1.0-3.9   4.0-5.9   6.0-7.9   8.0-15.9   16.0-31.9 


Inches 


Coastal: 

Public-- 

Clearcut 

3.1-3.9 

4.0-4.9 

5.0-5.9 

6.0-6.9 

7.0-7.9 

8.0-11.9 

12.0-15.9 

16.0-19.9 

20.0-27.9 

28.0+ 

Total 

Partial   cut 

3.1-3.9 

4.0-4.9 

5.0-5.9 

6.0-6.9 

7.0-7.9 

8.0-11.9 

12.0-15.9 

16.0-19.9 

20.0-27.9 

28.0+ 

Total 

Private-- 

Clearcut 

3.1-3.9 

4.0-4.9 

5.0-5.9 

6.0-6.9 

7.0-7.9 

8.0-11.9 

12.0-15.9 

16.0-19.9 

20.0-27.9 

28.0+ 

Total 

Partial    cut 

3.1-3.9 

4.0-4.9 

5.0-5.9 

6.0-6.9 

7.0-7.9 

8.0-11.9 

12.0-15.9 

16.0-19.9 

20.0-27.9 

28.0+ 

Total 

119 


156 


Cubic  feet  per  acre 


33 

39 

25 

61 

34 

8 

2 

38 

22 

13 

30 

10 

2 

1 

5 

3 

3 

7 

2 

0 

30 

17 

9 

38 

8 

4 

1 

3 

2 

3 

2 

2 

0 

39 

49 

29 

61 

33 

27 

2 

28 

16 

26 

90 

25 

23 

2 

32 

21 

33 

73 

46 

5 

2 

28 

36 

69 

67 

64 

48 

3 

27 

24 

0 

45 

103 

13 

2 

273 

232 

215 

480 

332 

133 

1  ,6 

30 

21 

19 

41 

26 

20 

1 

33 

20 

12 

31 

13 

3 

1 

3 

2 

2 

9 

3 

1 

22 

15 

10 

23 

17 

4 

0 

0 

0 

3 

1 

0 

27 

20 

30 

58 

63 

10 

2 

29 

15 

12 

35 

45 

45 

1 

20 

27 

20 

32 

36 

59 

1 

7 

18 

5 

41 

30 

39 

1 

49 

0 

0 

88 

38 

57 

2 

224 

141 

115 

365 

276 

243 

1,3 

17 

26 

22 

52 

35 

14 

1 

19 

16 

13 

28 

24 

8 

1 

3 

3 

4 

11 

5 

1 

17 

13 

12 

48 

16 

5 

1 

1 

3 

2 

3 

3 

0 

21 

37 

42 

72 

54 

12 

2 

19 

19 

32 

80 

42 

15 

2 

9 

30 

26 

81 

54 

9 

2 

31 

54 

25 

92 

95 

72 

3 

8 

0 

17 

166 

225 

159 

5 

149 

205 

199 

638 

557 

297 

2,0 

12 

n 

10 

36 

26 

6 

li 

18 

19 

10 

37 

18 

7 

1 

2 

2 

3 

7 

2 

1 

11 

13 

11 

43 

22 

3 

1 

0 

1 

1 

2 

1 

0 

27 

33 

20 

84 

42 

12 

2 

16 

21 

19 

59 

43 

9 

1 

11 

28 

33 

97 

74 

37 

21 

18 

24 

4 

90 

98 

45 

21 

0 

0 

107 

208 

191 

136 

6' 

221 


667 


522 


259 


See  footnotes  at  end  of  table. 
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Table  14 — Gross  volume  (wood  only)  of  logging  residue,  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum-^  (continued) 


Length   (feet) 

Small -end 

diameter 

stratum 

.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

Cubic 

feet  per  acre 

Interior: 

Public-- 

Clearcut 

3.1-3.9 

24 

18 

9 

39 

30 

6 

129 

4.0-4.9 

25 

11 

13 

32 

14 

6 

103 

5.0-5.9 

1 

3 

1 

5 

3 

0 

16 

6.0-6.9 

17 

18 

14 

24 

11 

5 

91 

7.0-7.9 

0 

1 

1 

4 

0 

0 

8 

8.0-11.9 

25 

23 

15 

60 

17 

12 

154 

12.0-15.9 

14 

8 

32 

54 

20 

17 

147 

16.0-19.9 

6 

9 

24 

30 

40 

0 

111 

20.0-27.9 

11 

9 

8 

26 

53 

7 

118 

28.0+ 

0 

0 

0 

21 

101 

69 

192 

Total 

126 

105 

120 

300 

294 

126 

1  ,074 

Partial   cut 

3.1-3.9 

31 

25 

18 

41 

18 

10 

145 

4.0-4.9 

29 

18 

10 

25 

14 

5 

102 

5.0-5.9 

3 

3 

2 

4 

3 

2 

21 

6.0-6.9 

17 

14 

11 

25 

11 

7 

87 

7.0-7.9 

0 

2 

3 

0 

0 

0 

6 

8.0-11.9 

23 

24 

15 

44 

35 

21 

164 

12.0-15.9 

25 

7 

18 

50 

39 

24 

166 

16.0-19.9 

14 

25 

14 

47 

28 

16 

146 

20.0-27.9 

12 

6 

11 

46 

78 

54 

210 

28.0+ 

15 

31 

15 

117 

64 

133 

378 

Total 

175 

160 

121 

404 

292 

276 

1,430 

Private^./ 

3.1-3.9 

25 

22 

13 

37 

29 

8 

137 

4.0-4.9 

24 

17 

13 

28 

26 

3 

114 

5.0-5.9 

2 

4 

4 

7 

8 

2 

29 

6.0-6.9 

21 

17 

15 

29 

25 

9 

119 

7.0-7.9 

2 

2 

4 

n 

5 

0 

26 

8.0-11.9 

28 

22 

28 

67 

32 

17 

197 

12.0-15.9 

13 

16 

15 

39 

46 

20 

153 

16.0-19.9 

25 

10 

12 

59 

36 

28 

173 

20.0-27.9 

20 

14 

23 

65 

51 

38 

218 

28.0+ 

11 

7 

0 

42 

64 

71 

196 

Total 

176 

136 

136 

388 

327 

200 

1.365 

Ponderosa  pinel' 

3.1-3.9 

29 

20 

12 

32 

28 

11 

135 

4.0-4.9 

20 

10 

5 

19 

6 

3 

65 

5.0-5.9 

3 

2 

2 

2 

2 

0 

12 

6.0-6.9 

10 

8 

6 

16 

10 

14 

68 

7.0-7.9 

2 

2 

0 

1 

0 

0 

7 

8.0-11.9 

28 

40 

11 

56 

36 

32 

206 

12.0-15.9 

9 

11 

15 

57 

38 

20 

153 

16.0-19.9 

12 

7 

20 

66 

43 

45 

196 

20.0-27.9 

15 

20 

17 

57 

101 

39 

252 

28.0+ 

0 

0 

0 

8 

20 

20 

49 

Total 

132 

125 

93 

320 

288 

187 

1  ,148 

i/ooes  not  include  residue  in  large  piles. 

i/Samples  were  selected  from  all    harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

l^Samples  were  selected  from  all   harvest  methods  and  ownership  classes. 
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Table  15 — Gross  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum-^1 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9      8.( 

D-15.9       16. 

.0-31.9 

32.0+ 

Total 

Inches 

Cubic  feet 

per  acre 

Coastal: 

Public-- 

Clearcut 

3.1-3.9 

16 

21 

14 

39 

22 

2 

116 

4.0-4.9 

11 

10 

8 

15 

7 

1 

55 

5.0-5.9 

1 

2 

2 

3 

1 

0 

10 

6.0-6.9 

11 

7 

4 

15 

4 

3 

47 

7.0-7.9 

1 

1 

2 

1 

1 

0 

8 

8.0-11.9 

8 

15 

11 

17 

12 

2 

67 

12.0-15.9 

8 

4 

9 

39 

5 

0 

67 

16.0-19.9 

3 

5 

9 

10 

5 

0 

34 

20.0-27.9 

9 

6 

30 

12 

21 

0 

80 

28.0+ 

23 

12 

0 

0 

33 

0 

69 

Total 

94 

87 

93 

154 

117 

10 

558 

Partial   cut 

3.1-3.9 

7 

8 

9 

16 

10 

11 

63 

4.0-4.9 

8 

5 

2 

10 

2 

1 

31 

5.0-5.9 

1 

0 

0 

4 

2 

0 

9 

6.0-6.9 

6 

4 

6 

7 

1 

1 

27 

7.0-7.9 

0 

0 

0 

1 

0 

0 

2 

8.0-11.9 

4 

1 

8 

9 

4 

1 

30 

12.0-15.9 

11 

1 

0 

2 

4 

2 

21 

16.0-19.9 

6 

9 

5 

10 

2 

0 

34 

20.0-27.9 

5 

0 

0 

0 

0 

0 

5 

28.0+ 

15 

0 

0 

23 

21 

13 

74 

Total 

69 

32 

33 

05 

51 

30 

301 

Private-- 

Clearcut 

3.1-3.9 

10 

14 

15 

37 

32 

12 

123 

4.0-4.9 

11 

6 

7 

20 

18 

8 

72 

5.0-5.9 

2 

2 

4 

9 

4 

1 

24 

6.0-6.9 

8 

4 

7 

19 

8 

3 

52 

7.0-7.9 

0 

2 

0 

2 

1 

0 

6 

8.0-11.9 

6 

20 

11 

34 

23 

7 

104 

12.0-15.9 

8 

4 

10 

20 

12 

12 

69 

16.0-19.9 

6 

9 

6 

23 

21 

2 

70 

20.0-27.9 

4 

10 

7 

0 

5 

42 

70 

28.0+ 

0 

0 

0 

40 

38 

55 

143 

Total 

59 

75 

70 

218 

168 

147 

739 

Partial   cut 

3.1-3.9 

6 

6 

7 

25 

24 

6 

77 

4.0-4.9 

8 

10 

3 

24 

13 

3 

63 

5.0-5.9 

1 

1 

1 

6 

3 

0 

14 

6.0-5.9 

5 

7 

4 

26 

16 

2 

62 

7.0-7.9 

0 

0 

0 

0 

1 

0 

1 

8.0-11.9 

10 

12 

4 

31 

12 

7 

79 

12.0-15.9 

12 

5 

3 

17 

18 

2 

59 

16.0-19.9 

0 

0 

7 

23 

20 

9 

59 

20.0-27.9 

5 

4 

0 

16 

0 

0 

26 

28.0+ 

0 

0 

0 

20 

17 

27 

65 

Total 

50 

48 

33 

194 

126 

57 

510 

See  footnotes  at  end  of  table. 
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Table  15 — Gross  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum^l  (continued) 


Length 

(feet) 

Small -end 
diameter 

stratum 

.0-3.9 

4.0-5.9 

6.0-7.9 

0. 

D-15.9       16 

0-31.9 

32.0+ 

Total 

Inches 

r    K  •/- 

feet 

per  acre 

Interior: 

LUDIC 

Public-- 

Clearcut 

3.1-3.9 

13 

12 

7 

33 

23 

5 

94 

4.0-4.9 

9 

7 

7 

23 

8 

1 

57 

5.0-5.9 

0 

2 

0 

3 

1 

0 

9 

6.0-6.9 

6 

8 

5 

10 

8 

1 

40 

7.0-7.9 

0 

1 

0 

0 

0 

0 

3 

8.0-11.9 

11 

5 

5 

16 

4 

5 

47 

12.0-15.9 

6 

2 

11 

9 

2 

4 

36 

16.0-19.9 

3 

5 

0 

4 

0 

0 

13 

20.0-27.9 

4 

9 

4 

8 

0 

0 

26 

28.0+ 

0 

0 

0 

0 

16 

13 

29 

Total 

55 

55 

42 

109 

65 

30 

358 

Partial   cut 

3.1-3.9 

12 

10 

9 

20 

10 

5 

69 

4.0-4.9 

8 

3 

4 

11 

4 

1 

38 

5.0-5.9 

2 

2 

0 

3 

0 

0 

10 

6.0-6.9 

3 

2 

3 

8 

3 

2 

25 

7.0-7.9 

0 

1 

0 

0 

0 

0 

1 

8.0-11.9 

5 

9 

3 

7 

2 

2 

30 

12.0-15.9 

13 

0 

9 

8 

1 

0 

32 

16.0-19.9 

5 

8 

0 

7 

0 

0 

21 

20.0-27.9 

9 

0 

8 

0 

12 

0 

30 

28.0+ 

11 

11 

0 

8 

12 

18 

63 

Total 

71 

56 

40 

75 

49 

31 

323 

Private^/ 

3.1-3.9 

13 

13 

9 

22 

17 

6 

82 

4.0-4.9 

8 

7 

6 

17 

14 

0 

54 

5.0-5.9 

0 

2 

2 

4 

7 

1 

19 

6.0-6.9 

5 

6 

9 

13 

12 

2 

49 

7.0-7.9 

1 

1 

2 

7 

3 

0 

17 

8.0-11.9 

9 

6 

7 

30 

14 

7 

75 

12.0-15.9 

6 

7 

6 

10 

5 

0 

37 

16.0-19.9 

16 

2 

7 

8 

2 

8 

45 

20.0-27.9 

14 

4 

13 

4 

15 

0 

52 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

76 

52 

66 

119 

92 

28 

434 

Ponderosa  pinel/ 

3.1-3.9 

11 

8 

5 

13 

15 

3 

57 

4.0-4.9 

4 

3 

2 

4 

4 

0 

19 

5.0-5.9 

0 

1 

0 

1 

1 

0 

5 

6.0-6.9 

2 

2 

2 

3 

3 

0 

14 

7.0-7.9 

1 

1 

0 

0 

0 

0 

4 

8.0-11.9 

9 

7 

5 

16 

3 

3 

45 

12.0-15.9 

3 

4 

6 

5 

6 

0 

25 

16.0-19.9 

5 

0 

8 

2 

10 

0 

27 

20.0-27.9 

14 

18 

0 

17 

0 

0 

50 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

52 

47 

31 

66 

46 

6 

251 

i/Ooes  not  include  residue  in  large  piles. 

2/samples  were  selected  from  all  harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

1/Saniples  were  selected  from  all  harvest  methods  and  ownership  classes. 
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Table  16— Net  volume  (wood  only)  of  live  logging  residue,  by  small-end  diameter 
and  length  classes,  by  stratum-^ 


Length   (feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9       16 

.0-31.9 

32.0+       Tot 

Inches 

Cubic 

feet  per  acre 

Coastal : 

Public-- 

Clearcut 

3.1-3.9 

17 

24 

17 

55 

50 

23           1£ 

4.0-4.9 

11 

11 

8 

18 

16 

5             7 

5.0-5.9 

1 

2 

2 

4 

5 

1              1 

6.0-6.9 

11 

8 

5 

13 

11 

7             6 

7.0-7.9 

1 

1 

2 

O 

1 

0 

8.0-11.9 

8 

14 

11 

23 

20 

5             S 

12.0-15.9 

5 

3 

9 

41 

7 

3             7 

16.0-19.9 

3 

1 

4 

9 

t, 

2             2 

20.0-27.9 

3 

5 

26 

9 

18 

0              6 

28.0+ 

24 

7 

0 

0 

12 

0             4 

Total 

94 

02 

88 

184 

150 

50            65 

Partial   cut 

3.1-3.9 

7 

8 

11 

19 

13 

13             7 

4.0-4.9 

7 

5 

3 

13 

4 

1              3 

5.0-5.9 

1 

1 

0 

4 

-1 

0             1 

6.0-5.9 

4 

4 

5 

8 

0 

2             2 

7.0-7.9 

1 

0 

0 

1 

0 

0 

8.0-11.9 

4 

1 

7 

9 

4 

0             2 

12.0-15.9 

8 

3 

0 

0 

3 

1             1 

16.0-19.9 

6 

7 

5 

7 

2 

0             2 

20.0-27.9 

4 

0 

0 

0 

0 

0 

28.  0+ 

14 

0 

0 

21 

21 

10             6 

Total 

61 

32 

33 

86 

54 

30           29 

Private-- 

Clearcut 

3.1-3.9 

14 

20 

19 

60 

74 

36           22 

4.0-4.9 

10 

8 

9 

34 

44 

19           12 

5.0-5.9 

1 

2 

3 

10 

8 

3             2 

6.0-6.9 

8 

4 

7 

34 

31 

15           IC 

7.0-7.9 

0 

3 

0 

3 

1 

1 

8.0-11.9 

5 

17 

9 

48 

43 

10       i: 

12.0-15.9 

7 

4 

9 

19 

21 

14              / 

16.0-19.9 

4 

9 

4 

25 

20 

2             £ 

20.0-27.9 

4 

4 

5 

0 

5 

33 

28.0+ 

0 

0 

0 

39 

37 

46           12 

Total 

58 

75 

70 

276 

289 

184           9! 

Partial    cut 

3.1-3.9 

7 

3 

9 

36 

35 

14           11 

4.0-4.9 

7 

10 

6 

31 

19 

0             ! 

5.0-5.9 

1 

2 

1 

8 

3 

0            1 

6.0-6.9 

5 

6 

5 

24 

18 

3             t 

7.0-7.9 

0 

0 

0 

0 

1 

0 

3.0-11.9 

8 

12 

7 

36 

15 

14             i 

12.0-15.9 

12 

0 

3 

26 

20 

2        ; 

16.0-19.9 

0 

0 

4 

25 

18 

8            i 

20.0-27.9 

3 

4 

0 

13 

0 

0        ; 

20.0+ 

0 

0 

9 

18 

6 

26            ( 

Total 

46 

52 

48 

220 

141 

79           5! 

See  footnotes  at  end  of  table. 
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Table  16 — Net  volume  (wood  only)  of  live  logging  residue,  by  small-end  diameter 
and  length  classes,  by  stratum-!-^  (continued) 


Length   (feet) 

Small -end 
dianeter 

stratum 

.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9       16 

0-31.9 

32.0+ 

Total 

Inches 

Cubic 

feet  per  acre 

Interior: 

Public-- 

Clearcut 

3.1-3.9 

13 

13 

7 

33 

23 

5 

97 

4.0-4.9 

9 

6 

7 

24 

8 

1 

57 

5.0-5.9 

0 

2 

0 

0 

1 

0 

9 

6.0-G.9 

5 

7 

5 

10 

7 

3 

40 

7.0-7.9 

0 

1 

0 

0 

0 

0 

3 

8.0-11.9 

7 

5 

5 

16 

9 

6 

49 

12.0-15.9 

5 

2 

10 

9 

4 

4 

35 

16.0-19.9 

0 

3 

3 

4 

2 

0 

14 

20.0-27.9 

5 

4 

4 

7 

0 

0 

21 

28.0+ 

0 

2 

0 

0 

13 

10 

24 

Total 

47 

45 

45 

109 

71 

32 

353 

Partial   cut 

3.1-3.9 

12 

10 

9 

21 

12 

5 

71 

4.0-4.9 

7 

7 

4 

11 

5 

1 

37 

5.0-5.9 

2 

2 

0 

3 

0 

0 

9 

6.0-C.9 

3 

2 

3 

3 

3 

2 

24 

7.0-7.9 

0 

1 

0 

0 

0 

0 

1 

0.0-11.9 

4 

8 

3 

7 

2 

2 

28 

12.0-15.9 

3 

0 

9 

8 

0 

0 

25 

lC.C-19.9 

4 

5 

0 

5 

0 

0 

15 

20.0-27.9 

4 

0 

4 

0 

10 

0 

19 

23.0+ 

11 

11 

0 

5 

3 

13 

45 

Total 

59 

50 

34 

71 

38 

25 

280 

Private2/ 

3.1-3.9 

14 

13 

9 

22 

22 

9 

92 

4.0-4.9 

7 

6 

6 

16 

14 

2 

53 

5.0-5.9 

0 

2 

2 

4 

7 

1 

19 

6.0-6.9 

4 

6 

9 

14 

14 

8 

57 

7.0-7.9 

1 

1 

2 

7 

3 

0 

16 

8.0-11.9 

8 

4 

5 

28 

16 

8 

72 

12.0-15.9 

5 

4 

5 

10 

5 

0 

33 

lG.0-19.9 

8 

2 

6 

6 

2 

8 

34 

20.0-27.9 

13 

4 

11 

4 

14 

0 

49 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

65 

47 

61 

116 

99 

30 

429 

Ponderosa  pine!/ 

3.1-3.9 

11 

8 

5 

13 

16 

3 

59 

4.0-4.9 

4 

3 

2 

4 

4 

0 

19 

5.0-5.9 

0 

1 

0 

1 

1 

0 

6 

6.0-6.9 

2 

2 

2 

3 

3 

0 

14 

7.0-7.9 

1 

1 

0 

0 

0 

0 

4 

8.0-11.9 

7 

8 

5 

15 

3 

3 

43 

12.0-15.9 

3 

4 

6 

6 

5 

0 

25 

16.0-19.9 

3 

0 

7 

2 

11 

0 

25 

20.0-27.9 

12 

7 

0 

15 

0 

0 

35 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

47 

37 

31 

63 

47 

6 

233 

l/ooes  not  include  residue  in  large  piles. 

^./samples  were  selected  from  all  harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

1/samples  were  selected  from  all  harvest  methods  and  ownership  classes. 


49 


Table  17 — Net  volume  (wood  only)  of  logging  residue,  for  softwoods,  by  small-end 
diameter  and  length  classes,  by  stratum-!^ 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9       8.1 

3-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

P 1 1 K 1 /*     f^o^ 

per  acre 

Coastal : 

\jUu  I  C      1  cc  L 

Public-- 

Clearcut 

3.1-3.9 

33 

33 

22 

57 

32 

7 

185 

4.0-4.9 

26 

19 

12 

25 

10 

1 

96 

5.0-5.9 

4 

2 

3 

6 

2 

0 

19 

6.0-6.9 

21 

13 

8 

29 

7 

4 

84 

7.0-7.9 

2 

2 

2 

2 

2 

0 

11 

8.0-11.9 

22 

28 

20 

42 

23 

18 

157 

12.0-15.9 

19 

9 

23 

64 

16 

12 

145 

16.0-19.9 

14 

6 

17 

42 

31 

4 

116 

20.0-27.9 

18 

32 

46 

33 

37 

24 

193 

20.0+ 

27 

11 

0 

25 

54 

9 

128 

Total 

191 

159 

155 

328 

219 

83 

1,139 

Partial   cut 

3.1-3.9 

21 

17 

15 

32 

19 

15 

122 

4.0-4.9 

21 

14 

8 

22 

9 

2 

78 

5.0-5.9 

2 

1 

2 

7 

3 

1 

13 

6.0-6.9 

10 

9 

7 

15 

9 

3 

56 

7.0-7.9 

0 

0 

0 

3 

1 

0 

6 

8.0-11.9 

13 

6 

17 

33 

27 

7 

106 

12.0-15.9 

14 

4 

2 

15 

17 

36 

91 

16.0-19.9 

13 

13 

15 

18 

15 

27 

104 

20.0-27.9 

5 

2 

1 

12 

8 

17 

48 

28.0+ 

17 

0 

0 

41 

27 

34 

122 

Total 

121 

70 

71 

204 

141 

146 

755 

Private-- 

Clearcut 

3.1-3.9 

12 

21 

19 

46 

33 

13 

147 

4.0-4.9 

14 

12 

11 

24 

22 

8 

93 

5.0-5.9 

1 

2 

3 

10 

5 

1 

25 

6.0-6.9 

13 

9 

9 

33 

13 

4 

84 

7.0-7.9 

0 

3 

1 

2 

2 

0 

11 

8.0-11.9 

12 

26 

28 

58 

39 

10 

176 

12.0-15.9 

11 

12 

22 

48 

27 

14 

137 

16.0-19.9 

7 

18 

17 

58 

37 

2 

142 

20.0-27.9 

19 

32 

14 

52 

43 

50 

212 

28.0+ 

4 

0 

15 

87 

127 

113 

348 

Total 

98 

140 

144 

422 

354 

218 

1,378 

Partial   cut 

3.1-3.9 

9 

9 

9 

31 

24 

5 

90 

4.0-4.9 

11 

14 

7 

30 

15 

6 

86 

5.0-5.9 

2 

2 

2 

7 

2 

1 

17 

6.0-6.9 

8 

9 

8 

26 

19 

2 

75 

7.0-7.9 

0 

0 

1 

1 

1 

0 

4 

8.0-11.9 

16 

20 

13 

47 

27 

10 

136 

12.0-15.9 

13 

10 

7 

30 

28 

5 

95 

16.0-19.9 

5 

11 

18 

48 

45 

29 

158 

20.0-27.9 

6 

11 

1 

47 

51 

26 

144 

28.0+ 

0 

0 

47 

120 

105 

81 

354 

Total 

73 

91 

116 

393 

322 

168 

1  ,165 

See  footnotes  at  end  of  table. 
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Table  17 — Net  volume  (wood  only)  of  logging  residue,  for  softwoods,  by  small-end 
diameter  and  length  classes,  by  stratum-!-^  (continued) 


Length   (feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

PirKi  ^ 

feet  per  acre 

Interior: 

OliU  1  i. 

Public-- 

Clearcut 

3.1-3.9 

21 

18 

10 

40 

30 

6 

127 

4.0-4.9 

19 

10 

11 

31 

13 

5 

91 

5.0-5.9 

1 

3 

1 

4 

2 

0 

14 

6.0-6.9 

12 

13 

10 

21 

10 

4 

73 

7.0-7.9 

0 

1 

1 

3 

0 

0 

6 

8.0-11.9 

14 

15 

10 

43 

13 

10 

108 

12.0-15.9 

9 

5 

19 

29 

9 

14 

88 

16.0-19.9 

3 

3 

9 

16 

23 

0 

57 

20.0-27.9 

9 

4 

9 

15 

28 

3 

70 

28.0+ 

0 

0 

0 

11 

48 

39 

99 

Total 

91 

76 

04 

217 

182 

84 

737 

Partial   cut 

3.1-3.9 

27 

23 

17 

37 

17 

9 

133 

4.0-4.9 

23 

15 

9 

21 

11 

3 

84 

5.0-5.9 

3 

3 

2 

4 

2 

1 

18 

G.0-5.9 

11 

10 

8 

18 

9 

5 

64 

7.0-7.9 

0 

1 

2 

0 

0 

0 

5 

8.0-11.9 

14 

16 

10 

31 

19 

16 

110 

12.0-15.9 

15 

0 

16 

30 

10 

13 

86 

16.0-19.9 

7 

13 

5 

24 

13 

0 

64 

20.0-27.9 

6 

5 

6 

7 

35 

25 

85 

23.0+ 

16 

27 

6 

47 

17 

64 

178 

Total 

126 

118 

84 

224 

138 

139 

832 

Private^./ 

3.1-3.9 

19 

20 

12 

31 

24 

8 

115 

4.0-4.9 

16 

12 

10 

23 

21 

2 

86 

5.0-5.9 

1 

3 

3 

6 

7 

2 

25 

6.0-6.9 

11 

11 

12 

22 

18 

8 

85 

7.0-7.9 

2 

2 

3 

10 

4 

0 

22 

8.0-11.9 

16 

11 

14 

44 

25 

12 

126 

12.0-15.9 

11 

10 

10 

23 

27 

9 

92 

16.0-19.9 

10 

4 

8 

26 

20 

18 

88 

20.0-27.9 

19 

5 

17 

30 

23 

20 

116 

28.0+ 

6 

4 

0 

19 

23 

44 

98 

Total 

117 

87 

95 

237 

196 

126 

860 

Ponderosa  pinel/ 

3.1-3.9 

23 

19 

11 

25 

28 

7 

116 

4.0-4.9 

13 

8 

4 

13 

6 

2 

48 

5.0-5.9 

2 

2 

2 

2 

1 

0 

11 

6.0-6.9 

4 

5 

5 

10 

7 

12 

48 

7.0-7.9 

1 

2 

0 

1 

0 

0 

7 

8.0-11.9 

16 

24 

10 

36 

22 

21 

132 

12.0-15.9 

6 

5 

10 

23 

22 

8 

78 

16.0-19.9 

5 

2 

12 

18 

26 

20 

86 

20.0-27.9 

13 

8 

9 

29 

30 

20 

112 

28.0+ 

0 

0 

0 

2 

4 

7 

14 

Total 

88 

79 

68 

166 

152 

102 

656 

i/ooes  not  include  residue  in  large  piles. 

^./samples  were  selected  from  all    harvest  methods;  the  majority  of  samples  were  from  partial-cut 
areas. 

^./samples  were  selected  from  all    harvest  methods  and  ownership  classes. 
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Table  18 — Net  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum-^1 


Small -end 


Length  (feet) 


Stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9       16, 

,0-31.9 

32.0+ 

To 

Inches 

r  1 1  h  1  r 

feet  per  acre 

Coastal : 

L.UU  1  L 

Public-- 

Clearcut 

3.1-3.9 

16 

20 

14 

40 

23 

2 

1 

4.0-4.9 

11 

10 

8 

15 

8 

1 

5.0-5.9 

1 

1 

2 

3 

1 

0 

6.0-6.9 

10 

7 

4 

15 

4 

3 

7.0-7.9 

1 

1 

2 

1 

1 

0 

8.0-11.9 

6 

13 

10 

16 

8 

2 

12.0-15.9 

5 

3 

9 

35 

6 

0 

16.0-19.9 

3 

1 

4 

9 

4 

0 

20.0-27.9 

8 

6 

26 

9 

13 

0 

28.0+ 

24 

7 

0 

0 

12 

0 

Total 

88 

75 

83 

147 

85 

10 

4 

Partial   cut 

3.1-3.9 

7 

8 

9 

15 

9 

11 

4.0-4.9 

7 

5 

2 

9 

2 

1 

5.0-5.9 

1 

0 

0 

4 

2 

0 

6.0-6.9 

4 

3 

5 

6 

0 

1 

7.0-7.9 

0 

0 

0 

1 

0 

0 

8.0-11.9 

4 

1 

7 

8 

3 

0 

12.0-15.9 

7 

1 

0 

0 

3 

1 

16.0-19.9 

6 

7 

5 

7 

2 

0 

20.0-27.9 

4 

0 

0 

0 

0 

0 

28.0+ 

14 

0 

0 

21 

21 

10 

Total 

58 

27 

30 

74 

46 

25 

2 

Private — 

Clearcut 

3.1-3.9 

8 

13 

14 

35 

31 

12 

1 

4.0-4.9 

9 

5 

7 

19 

17 

8 

5.0-5.9 

1 

1 

3 

9 

4 

1 

6.0-6.9 

7 

4 

6 

18 

7 

3 

7.0-7.9 

0 

2 

0 

2 

1 

0 

8.0-11.9 

5 

16 

9 

31 

21 

7 

12.0-15.9 

7 

4 

9 

16 

9 

12 

16.0-19.9 

4 

6 

4 

20 

20 

2 

20.0-27.9 

4 

4 

6 

0 

5 

33 

28.0+ 

0 

0 

0 

39 

37 

46 

1 

Total 

49 

59 

61 

193 

157 

128 

6 

Partial    cut 

3.1-3.9 

6 

6 

7 

24 

23 

6 

4.0-4.9 

6 

9 

3 

24 

11 

3 

5.0-5.9 

1 

1 

1 

6 

3 

0 

6.0-6.9 

5 

6 

4 

17 

15 

2 

7.0-7.9 

0 

0 

0 

0 

1 

0 

8.0-11.9 

8 

10 

3 

28 

10 

7 

12.0-15.9 

12 

4 

3 

15 

16 

2 

16.0-19.9 

0 

0 

4 

18 

18 

8 

20.0-27.9 

3 

4 

0 

13 

0 

0 

28.0+ 

0 

0 

0 

18 

6 

26 

Total 

43 

43 

29 

168 

108 

56 

^ 

See  footnotes  at  end  of  table. 
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Table  18 — Net  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum-^1  (continued) 


Length 

(feet) 

Small -end 
diameter       1 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9      8.( 

3-15.9       16, 

,0-31.9 

32.0+ 

Total 

Inches 

Cubic  feet 

per  acre 

Interior: 

Public— 

Clearcut 

3.1-3.9 

13 

12 

7 

33 

23 

5 

94 

4.0-4.9 

8 

6 

7 

23 

a 

1 

55 

5.0-5.9 

0 

2 

0 

2 

1 

0 

0 

6.0-6.9 

5 

7 

5 

10 

7 

1 

38 

7.0-7.9 

0 

1 

0 

0 

0 

0 

3 

8.0-11.9 

7 

5 

5 

16 

4 

5 

44 

12.0-15.9 

5 

2 

10 

9 

2 

4 

33 

16.0-19.9 

0 

3 

0 

4 

0 

0 

8 

20.0-27.9 

5 

4 

4 

7 

0 

0 

21 

20.0+ 

0 

0 

0 

0 

13 

10 

24 

Total 

46 

45 

41 

107 

61 

28 

331 

Partial    cut 

3.1-3.9 

11 

10 

9 

19 

10 

5 

68 

4.0-4.9 

7 

7 

4 

11 

4 

1 

37 

5.0-5.9 

2 

2 

0 

3 

0 

0 

9 

6.0-6.9 

3 

2 

3 

8 

3 

2 

24 

7.0-7.9 

0 

1 

0 

0 

0 

0 

1 

8.0-11.9 

4 

8 

3 

7 

2 

2 

23 

12.0-15.9 

0 

0 

9 

8 

0 

0 

25 

16.0-19.9 

4 

5 

0 

5 

0 

0 

15 

20.0-27.9 

4 

0 

4 

0 

10 

0 

19 

23.0+ 

11 

11 

0 

5 

3 

13 

45 

Total 

53 

50 

34 

70 

36 

25 

275 

Private?./ 

3.1-3.9 

12 

13 

9 

21 

17 

6 

80 

4.0-4.9 

7 

6 

6 

15 

13 

0 

51 

5.0-5.9 

0 

2 

2 

4 

7 

1 

18 

6.0-6.9 

4 

6 

9 

13 

12 

2 

47 

7.0-7.9 

1 

1 

2 

7 

3 

0 

16 

8.0-11.9 

3 

4 

6 

27 

13 

7 

68 

12.0-15.9 

6 

4 

5 

10 

5 

0 

33 

16.0-19.9 

8 

2 

6 

6 

2 

3 

34 

20.0-27.9 

13 

4 

11 

4 

14 

0 

49 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

64 

46 

60 

111 

90 

27 

401 

Ponderosa  pineA/ 

3.1-3.9 

11 

8 

5 

13 

16 

3 

59 

4.0-4.9 

4 

3 

2 

4 

4 

0 

19 

5.0-5.9 

0 

1 

0 

1 

1 

0 

6 

6.0-6.9 

2 

2 

2 

3 

3 

0 

14 

7.0-7.9 

1 

1 

0 

0 

0 

0 

4 

8.0-11.9 

7 

8 

5 

15 

3 

3 

43 

12.0-15.9 

3 

4 

6 

6 

5 

0 

25 

16.0-19.9 

3 

0 

7 

2 

11 

0 

25 

20.0-27.9 

12 

7 

0 

15 

0 

0 

35 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

47 

37 

31 

63 

47 

6 

233 

i/ooes  not  include  residue  in  large  piles. 

2./ Samples  were  selected  from  all    harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

l^Samples  were  selected  from  all   harvest  methods  and  ownership  classes. 
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Table  19 — Net  volume  (wood  only)  of  logging  residue,  by  large-end  diameter  and 
length  classes,  by  stratum-J-^ 


Length 

(feet) 

Large-end 

stratum 

dianeter 

1.0-3.9 

4.0-5.9 

6.0-7.9       8.1 

0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

PllK"!^        ■foQ't" 

per  acre 

Coastal : 

L-UU  )  L     1  ctr  L 

Public-- 

Clearcut 

3.1-3.9 

14 

6 

4 

1 

0 

0 

27 

4.0-4.9 

34 

30 

19 

30 

5 

0 

120 

5.0-5.9 

6 

6 

4 

16 

5 

1 

39 

6.0-6.9 

26 

18 

13 

33 

21 

0 

113 

7.0-7.9 

0 

3 

1 

7 

4 

0 

18 

8.0-11.9 

29 

24 

20 

70 

64 

19 

229 

12.0-15.9 

22 

11 

25 

61 

31 

19 

173 

16.0-19.9 

17 

23 

13 

65 

42 

20 

183 

20.0-27.9 

16 

35 

38 

55 

48 

24 

218 

28.0+ 

33 

11 

22 

36 

80 

42 

226 

Total 

203 

172 

163 

378 

303 

129 

1  ,351 

Partial   cut 

3.1-3.9 

8 

2 

2 

2 

0 

0 

15 

4.0-4.9 

25 

20 

14 

18 

5 

0 

84 

5.0-5.9 

2 

2 

1 

9 

4 

0 

20 

6.0-6.9 

14 

13 

13 

29 

13 

1 

85 

7.0-7.9 

0 

2 

1 

6 

2 

0 

13 

8.0-11.9 

18 

13 

16 

57 

32 

9 

143 

12.0-15.9 

19 

3 

9 

36 

28 

12 

110 

16.0-19.9 

16 

16 

14 

15 

25 

13 

102 

20.0-27.9 

5 

6 

7 

23 

14 

31 

83 

28.0+ 

17 

0 

0 

45 

37 

01 

ICl 

Total 

128 

80 

81 

244 

155 

151 

851 

Private-- 

Clearcut 

3.1-3.9 

6 

3 

3 

2 

0 

0 

16 

4.0-4.9 

21 

23 

15 

31 

10 

0 

102 

5.0-5.9 

2 

4 

5 

17 

3 

0 

39 

6.0-6.9 

14 

14 

13 

53 

28 

3 

125 

7.0-7.9 

0 

3 

2 

10 

7 

0 

26 

8.0-11.9 

16 

37 

35 

96 

110 

35 

331 

12.0-15.9 

14 

9 

19 

68 

71 

35 

218 

16.0-19.9 

9 

21 

26 

45 

46 

18 

167 

20.0-27.9 

14 

45 

22 

95 

80 

35 

294 

28.0+ 

9 

0 

16 

112 

134 

144 

417 

Total 

109 

161 

IGO 

533 

498 

277 

1,741 

Partial   cut 

3.1-3.9 

3 

1 

1 

0 

0 

0 

7 

4.0-4.9 

14 

15 

13 

26 

7 

0 

75 

5.0-5.9 

1 

3 

2 

7 

3 

0 

17 

6.0-6.9 

10 

13 

7 

27 

18 

2 

79 

7.0-7.9 

0 

2 

1 

4 

4 

1 

15 

8.0-11.9 

22 

24 

22 

71 

50 

17 

209 

12.0-15.9 

13 

18 

13 

51 

40 

18 

155 

16.0-19.9 

6 

8 

10 

58 

26 

n 

121 

20.0-27.9 

6 

15 

12 

71 

73 

26 

206 

28.0+ 

0 

4 

56 

145 

165 

112 

485 

Total 

78 

107 

140 

466 

390 

190 

1,373 

See  footnotes  at  end  of  table. 
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Table  19 — Net  volume  (wood  only)  of  logging  residue,  by  large-end  diameter  and 
length  classes,  by  stratum-^  (continued) 


Length 

(feet) 

Large-end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9       0. 

0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

Cubic  feet 

per  acre 

Interior: 

Public-- 

Clearcut 

3.1-3.9 

6 

1 

0 

0 

0 

0 

10 

4.0-4.9 

25 

16 

11 

17 

3 

0 

73 

5.0-5.9 

2 

4 

1 

6 

0 

0 

15 

6.0-6.9 

17 

14 

10 

37 

11 

0 

91 

7.0-7.9 

0 

1 

0 

4 

3 

0 

11 

3.0-11.9 

18 

20 

16 

46 

35 

0 

145 

12.0-15.9 

8 

8 

21 

35 

23 

4 

101 

16.0-19.9 

6 

7 

9 

16 

16 

13 

69 

20.0-27.9 

9 

4 

18 

45 

43 

13 

134 

23.0+ 

0 

0 

0 

13 

56 

47 

118 

Total 

94 

78 

90 

223 

193 

89 

770 

Partial    cut 

3.1-3.9 

14 

4 

1 

0 

0 

0 

21 

4.0-4.9 

28 

22 

15 

19 

3 

0 

89 

5.0-5.9 

2 

2 

2 

7 

2 

0 

18 

6.0-5.9 

17 

11 

7 

25 

8 

0 

70 

7.0-7.9 

0 

3 

3 

4 

2 

0 

15 

a. 0-11. 9 

16 

24 

17 

49 

20 

5 

134 

12.0-15.9 

14 

5 

9 

28 

19 

8 

05 

16.0-19.9 

11 

13 

IG 

23 

18 

3 

06 

20.0-27.9 

0 

5 

6 

17 

27 

21 

77 

28.0+ 

22 

27 

6 

50 

40 

101 

249 

Total 

127 

120 

86 

228 

143 

142 

049 

Private!/ 

3.1-3.9 

10 

4 

0 

0 

0 

0 

16 

4.0-4.9 

19 

19 

9 

18 

2 

0 

70 

5.0-5.9 

1 

3 

3 

0 

2 

0 

19 

6.0-6.9 

14 

17 

15 

23 

16 

0 

08 

7.0-7.9 

0 

1 

2 

7 

4 

0 

10 

3.0-11.9 

21 

16 

23 

64 

53 

13 

192 

12.0-15.9 

12 

8 

8 

33 

35 

13 

111 

16.0-19.9 

12 

6 

13 

29 

23 

7 

92 

20.0-27.9 

19 

7 

19 

32 

33 

34 

140 

28.0+ 

6 

5 

0 

25 

41 

68 

148 

Total 

120 

90 

98 

244 

213 

138 

906 

Ponderosa  pinel^ 

3.1-3.9 

10 

1 

0 

0 

0 

0 

13 

4.0-4.9 

19 

13 

6 

8 

1 

0 

49 

5.0-5.9 

3 

1 

2 

4 

1 

0 

13 

6.0-6.9 

9 

7 

6 

15 

8 

0 

47 

7.0-7.9 

0 

1 

1 

3 

2 

1 

10 

0.0-11.9 

17 

21 

11 

42 

28 

2 

125 

12.0-15.9 

9 

14 

15 

28 

21 

7 

96 

16.0-19.9 

5 

6 

12 

20 

22 

19 

86 

20.0-27.9 

13 

7 

9 

28 

33 

37 

130 

23.0+ 

0 

1 

0 

15 

32 

33 

83 

Total 

00 

79 

68 

166 

152 

102 

657 

l^Does  not  include  residue  in  large  piles. 

i/sainples  were  selected  from  all   harvest  methods;  the  majority  of  samples  were  from  partial-cut 
areas. 

l^Samples  viere  selected  from  all    harvest  methods  and  ownership  classes. 
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Table  20 — Gross  volume  (wood  only)  of  logging  residue,  by  large-end  diameter 
and  length  classes,  by  stratum-!^ 


Large-end 


Length   (feet) 


Stratum  diameter       1.0-3.9       4.0-5.9      6.0-7.9       8.0-15.9       16.0-31.9       32.0+      iotaj 


Inches        ----------      Cubic  feet  per  acre 


Coastal : 
Public-- 

Clearcut                  3.1-3.9            17                  7  4  1  0  0 

32  21  32  5  0 

7  4  17  5  1 

22  15  37  21  0 

4  2  7  4  0 

35  26  84  66  20 

18  28  97  35  20 

45  22  107  54  25 

48  73  102  72  35 

28.0+                   34                 24  24  56  154  78 


3.1-3.9 

17 

4.0-4.9 

42 

5.0-5.9 

7 

6.0-6.9 

34 

7.0-7.9 

0 

8.0-11.9 

50 

12.0-15.9 

31 

16.0-19.9 

38 

20.0-27.9 

31 

Total                                                288               247  223  545                 422               183 

3  2  2 

25  18  22 
3  2  10 

20  17  38 

2  1  7 

26  24  86 
13  22  60 
37  18  34 
22  18  55 

0  0  97 


Partial    cut 

3.1-3.9 

11 

4.0-4.9 

35 

5.0-5.9 

3 

6.0-6.9 

23 

7.0-7.9 

0 

8.0-11.9 

38 

12.0-15.9 

36 

16.0-19.9 

28 

20.0-27.9 

7 

28.0+ 

49 

learcut 

3.1-3.9 

7 

4.0-4.9 

26 

5.0-5.9 

3 

6.0-6.9 

19 

7.0-7.9 

1 

8.0-11.9 

28 

12.0-15.9 

24 

16.0-19.9 

14 

20.0-27.9 

24 

28.0+ 

16 

Total 

165 

artial   cut 

3.1-3.9 

4 

4.0-4.9 

19 

5.0-5.9 

1 

6.0-6.9 

15 

7.0-7.9 

0 

8.0-11.9 

35 

12.0-15.9 

18 

16.0-19.9 

12 

20.0-27.9 

18 

230  218  755 

1  1  0 
19  14  28 

3  3  8 

17  9  34 

2  1  4 
36  30  93 

25  21  85 

26  21  94 

27  25  150 
28.0+                     0                 15  116  255 


See  footnotes  at  end  of  table. 


0 

0 

6 

0 

6 

0 

17 

2 

2 

0 

47 

14 

54 

17 

57 

16 

54 

49 

63 

149 

Total                                              235              154  128  416                311               251 

Private-- 

3  3  2 
26  16  33 

4  5  18 
17  14  61 

4  3  11 

50  48  111 

14  27  80 

34  41  68 

74  38  1 58 

0  17  202 


0 

0 

18; 

10 

0 

113 

9 

0 

411 

28 

4 

145« 

8 

0 

29' 

119 

36 

3931 

85 

38 

2791 

61 

20 

2-^ 

131 

48 

476 

249 

208 

6931 

706 

359 

2,435: 

0 

0 

8 

7 

0 

891! 

3 

0 

21 

20 

2 

lOOi 

4 

1 

16 

57 

18 

271 

50 

19 

221; 

52 

17 

2251 

127 

33 

3844 

277 

188 

853'^ 

Total  126  177  247  756  602  281       2,192 


( 
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Table  20 — Gross  volume  (wood  only)  of  logging  residue,  by  large-end  diameter 
and  length  classes,  by  stratum-'^  (continued) 


Length 

(feet) 

Large-end 

stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9       8. 

0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

fiihir    fofif 

per  acre 

Interior: 

\jUu  I  L     1  ec  t 

Public-- 

Clearcut 

3.1-3.9 

7 

2 

1 

0 

0 

0 

11 

4.0-4.9 

30 

16 

11 

17 

3 

0 

80 

5.0-5.9 

2 

4 

1 

6 

0 

0 

15 

6.0-6.9 

21 

16 

n 

38 

12 

0 

101 

7.0-7.9 

0 

1 

0 

4 

2 

0 

10 

8.0-11.9 

30 

28 

21 

54 

37 

10 

181 

12.0-15.9 

16 

12 

28 

57 

32 

4 

153 

16.0-19.9 

9 

16 

18 

36 

26 

17 

123 

20.0-27.9 

11 

9 

30 

63 

74 

16 

206 

28.0  + 

0 

2 

0 

29 

121 

80 

231 

Total 

130 

108 

125 

309 

312 

130 

1.117 

Partial   cut 

3.1-3.9 

16 

5 

1 

0 

0 

0 

24 

4.0-4.9 

34 

24 

16 

20 

3 

0 

99 

5.0-5.9 

2 

2 

2 

8 

2 

0 

19 

6.0-6   9 

21 

13 

8 

28 

8 

0 

82 

7.0-7.9 

0 

4 

3 

5 

2 

0 

16 

8.0-11.9 

27 

33 

25 

59 

25 

6 

177 

12.0-15.9 

23 

11 

12 

47 

32 

10 

138 

16.0-19.9 

21 

28 

25 

35 

47 

5 

164 

20.0-27.9 

0 

6 

11 

73 

64 

70 

227 

28.0+ 

28 

31 

15 

123 

112 

184 

501 

Total 

177 

163 

124 

408 

299 

279 

1,452 

Private^/ 

3.1-3.9 

13 

4 

1 

0 

0 

0 

20 

4.0-4.9 

26 

23 

11 

21 

2 

0 

86 

5.0-5.9 

1 

3 

4 

10 

2 

0 

21 

6.0-6.9 

24 

21 

18 

29 

19 

0 

113 

7.0-7.9 

1 

2 

2 

8 

5 

0 

21 

8.0-11.9 

34 

27 

32 

81 

67 

15 

258 

12.0-15.9 

17 

16 

19 

56 

45 

15 

171 

16.0-19.9 

28 

11 

20 

57 

42 

8 

168 

20.0-27.9 

20 

20 

30 

74 

67 

53 

267 

28.0+ 

11 

7 

0 

57 

96 

118 

292 

Total 

180 

139 

140 

397 

350 

213 

1  ,422 

Ponderosa  pinel.' 

3.1-3.9 

11 

2 

0 

0 

0 

0 

14 

4.0-4.9 

26 

15 

8 

9 

1 

0 

60 

5.0-5.9 

3 

1 

2 

5 

1 

0 

14 

6.0-6.9 

16 

10 

7 

17 

9 

0 

62 

7.0-7.9 

0 

2 

1 

3 

2 

1 

11 

8.0-11.9 

31 

31 

14 

61 

30 

2 

172 

12.0-15.9 

14 

21 

20 

52 

29 

7 

146 

16.0-19.9 

12 

15 

15 

61 

34 

27 

167 

20.0-27.9 

15 

16 

21 

63 

77 

66 

261 

28.0+ 

0 

8 

0 

47 

101 

82 

239 

Total 

132 

126 

93 

320 

288 

187 

1,149 

l^Does  not  include  residue   in  large  piles. 

^./samples  were  selected  from  all   harvest  methods;   the  majority  of  samples  were  from  partial -cut 
areas. 

1/samples  were  selected  from  all   harvest  methods  and  ownership  classes. 
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Table  21— Gross  volume  (wood  only)  of  live  logging  residue,  by  large-end 
diameter  and  length  classes,  by  stratum^ 


Length 

(feet) 

Large-end 

stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9      8.1 

0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

1     IlKl^       fQQ  + 

per  acre 

Coastal : 

^UU 1 L      1 cc  L 

Public-- 

Clearcut 

3.1-3.9 

6 

4 

2 

0 

0 

0 

14 

4.0-4.9 

16 

18 

13 

21 

4 

0 

75 

5.0-5.9 

3 

3 

2 

11 

3 

0 

26 

6.0-6.9 

11 

10 

8 

23 

15 

0 

69 

7.0-7.9 

0 

1 

1 

5 

3 

0 

11 

8.0-11.9 

14 

13 

13 

40 

49 

14 

145 

12.0-15.9 

9 

7 

9 

34 

17 

15 

93 

16.0-19.9 

5 

16 

3 

25 

22 

9 

84 

20.0-27.9 

9 

6 

21 

20 

18 

0 

77 

28.0+ 

23 

12 

20 

8 

48 

9 

123 

Total 

99 

94 

99 

192 

182 

51 

720 

Partial    cut 

3.1-3.9 

3 

1 

0 

1 

0 

0 

7 

4.0-4.9 

9 

8 

8 

7 

2 

0 

37 

5.0-5.9 

0 

1 

1 

6 

1 

0 

10 

6.0-6.9 

5 

5 

6 

13 

7 

1 

40 

7.0-7.9 

0 

0 

0 

2 

1 

0 

4 

8.0-11.9 

9 

4 

9 

24 

12 

4 

65 

12.0-15.9 

12 

2 

4 

8 

7 

8 

43 

16.0-19.9 

9 

9 

6 

0 

5 

6 

36 

20.0-27.9 

5 

3 

0 

10 

0 

0 

19 

28.0+ 

15 

0 

0 

23 

21 

13 

74 

Total 

72 

38 

36 

97 

59 

35 

340 

Private-- 

Clearcut 

3.1-3.9 

3 

2 

3 

2 

0 

0 

12 

4.0-4.9 

16 

18 

11 

25 

9 

0 

82 

5.0-5.9 

1 

3 

3 

15 

3 

0 

32 

6.0-6.9 

9 

9 

11 

47 

26 

3 

109 

7.0-7.9 

0 

3 

1 

9 

7 

0 

22 

8.0-11.9 

14 

22 

20 

72 

99 

35 

264 

12.0-15.9 

11 

3 

10 

33 

45 

33 

137 

16.0-19.9 

6 

15 

3 

23 

37 

17 

110 

20.0-27.9 

4 

14 

7 

24 

31 

25 

107 

28.0+ 

0 

0 

0 

49 

38 

86 

175 

Total 

69 

92 

79 

305 

304 

204 

1,055 

Partial   cut 

3.1-3.9 

2 

0 

1 

0 

0 

0 

4 

4.0-4.9 

9 

11 

11 

23 

6 

0 

62 

5.0-5.9 

0 

1 

0 

6 

2 

0 

12 

6.0-6.9 

7 

10 

4 

22 

16 

2 

63 

7.0-7.9 

0 

1 

1 

3 

4 

1 

12 

8.0-11.9 

14 

15 

11 

56 

45 

17 

160 

12.0-15.9 

12 

11 

6 

35 

26 

14 

108 

16.0-19.9 

1 

0 

0 

45 

12 

5 

64 

20.0-27.9 

5 

4 

7 

25 

18 

9 

69 

28.0+ 

0 

0 

9 

29 

31 

29 

100 

Total 

53 

57 

53 

249 

164 

80 

658 

See  footnotes  at  end  of  table. 
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Table  21 — Gross  volume  (wood  only)  of  live  logging  residue,  by  large-end 
diameter  and  length  classes,  by  stratum-^  (continued) 


Length 

(feet) 

Large-end 

stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8. 

D-15.9       16 

0-31.9 

32.0+ 

Total 

Inches 

r  1 1  h  1  r 

feet 

per  acre 

Interior: 

V^UV  I  L 

Public-- 

Clearcut 

3.1-3.9 

3 

0 

0 

0 

0 

0 

6 

4.0-4.9 

14 

10 

8 

11 

2 

0 

47 

5.0-5.9 

1 

2 

0 

5 

0 

0 

11 

6.0-6.9 

8 

8 

7 

25 

8 

0 

58 

7.0-7.9 

0 

1 

0 

3 

2 

0 

7 

8.0-11.9 

11 

12 

7 

32 

26 

5 

96 

12.0-15.9 

6 

1 

13 

8 

10 

1 

41 

16.0-19.9 

5 

8 

2 

4 

4 

5 

30 

20.0-27.9 

4 

9 

7 

17 

9 

8 

56 

28.0+ 

0 

0 

0 

0 

16 

13 

29 

Total 

56 

56 

47 

110 

80 

34 

386 

Partial   cut 

3.1-3.9 

6 

1 

0 

0 

0 

0 

8 

4.0-4.9 

12 

11 

8 

10 

1 

0 

44 

5.0-5.9 

1 

1 

1 

4 

1 

0 

10 

6.0-5.9 

5 

5 

2 

13 

5 

0 

32 

7.0-7.9 

0 

2 

1 

2 

2 

0 

0 

8.0-11.9 

4 

10 

6 

20 

7 

2 

51 

12.0-15.9 

9 

3 

5 

7 

6 

4 

36 

16.0-19.9 

10 

8 

5 

7 

1 

0 

34 

20.0-27.9 

0 

0 

8 

2 

4 

4 

19 

28.0+ 

20 

11 

0 

8 

21 

18 

80 

Total 

71 

56 

40 

77 

51 

31 

328 

Private!./ 

3.1-3.9 

6 

3 

0 

0 

0 

0 

11 

4.0-4.9 

12 

12 

7 

14 

1 

0 

47 

5.0-5.9 

0 

2 

2 

6 

1 

0 

13 

6.0-6.9 

6 

n 

10 

16 

10 

0 

55 

7.0-7.9 

0 

1 

2 

5 

3 

0 

13 

8.0-11.9 

13 

8 

12 

45 

42 

9 

131 

12.0-15.9 

6 

7 

6 

16 

21 

10 

69 

16.0-19.9 

16 

0 

8 

12 

1 

6 

45 

20.0-27.9 

14 

7 

15 

6 

12 

10 

65 

28.0+ 

0 

0 

0 

0 

6 

0 

7 

Total 

77 

53 

67 

123 

101 

39 

463 

Ponderosa  pinel/ 

3.1-3.9 

4 

1 

0 

0 

0 

0 

6 

4.0-4.9 

8 

7 

3 

3 

0 

0 

23 

5.0-5.9 

1 

1 

1 

2 

0 

0 

6 

6.0-6.9 

2 

2 

2 

6 

5 

0 

20 

7.0-7.9 

0 

0 

0 

2 

1 

0 

5 

8.0-11.9 

11 

8 

5 

19 

18 

0 

63 

12.0-15.9 

3 

6 

9 

8 

4 

1 

34 

16.0-19.9 

5 

0 

8 

4 

8 

3 

31 

20.0-27.9 

14 

11 

0 

12 

3 

0 

41 

28.0+ 

0 

7 

0 

5 

3 

0 

17 

Total 

52 

47 

31 

66 

46 

6 

251 

i^Does  not  include  residue  in  large  piles. 

^./samples  were  selected  fron  all    harvest  methods;   the  majority  of  samples  were  from  partial -cut 
areas. 

1/Samples  were  selected  from  all    harvest  methods  and  ownership  classes. 
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Table  22 — Gross  volume  (wood  only)  of  logging  residue,  for  softwoods,  by 
large-end  diameter  and  length  classes,  by  stratum^ 


stratum 


Large-end 
diameter 


Length   (feet) 


1.0-3.9       4.0-5.9       6.0-7.9       8.0-15.9       16.0-31.9 


Coastal : 
Public-- 
Clearcut 


Total 
Partial   cut 


Inches 


3.1-3.9 

4.0-4.9 

5.0-5.9 

6.0-6.9 

7.0-7.9 

8.0-11.9 

12.0-15.9 

16.0-19.9 

20.0-27.9 

28.0+ 


3.1-3.9 

4.0-4.9 

5.0-5.9 

6.0-6.9 

7.0-7.9 

8.0-11.9 

12.0-15.9 

1C.0-19.9 

20.0-27.9 

28.0+ 


15 
40 

7 
32 

0 
47 
29 
38 
26 
34 


273 

10 
33 

3 
22 

0 
35 
32 
28 

7 
49 


6 
29 

5 
20 

2 
32 
16 
45 
48 
24 


232 

2 
23 

2 
19 

2 
20 
13 
37 
18 

0 


Cubic  feet  per  acre 


3 

18 

4 
14 

2 
22 
28 
22 
73 
24 


215 

2 
16 

2 
16 

1 
21 
21 
15 
18 

0 


1 
26 
13 
29 

7 
65 
18 
102 
94 
56 


480 

2 
19 

8 
30 

6 
68 
50 
26 
53 
97 


0 

4 

4 

14 

3 

36 

13 

40 

50 

154 


332 

0 

6 

5 

16 

2 

39 

45 

48 

48 

63 


0 

0 

0 

0 

0 

8 

3 

17 

35 

67 


133 

0 

0 

0 

2 

0 

11 

13 

16 

49 

149 


Total 


224 


141 


115 


365 


276 


243 


Private-- 
Clearcut 


Total 
Partial   cut 


3.1-3.9 

4.0-4.9 

5.0-5.9 

6.0-6.9 

7.0-7.9 

8.0-11.9 

12.0-15.9 

16.0-19.9 

20.0-27.9 

28.0+ 


.1-3.9 
.0-4.9 
.0-5.9 
.0-6.9 
.0-7.9 
8.0-11.9 
12.0-15.9 
16.0-19.9 
20.0-27.9 
28.0+ 


7 
18 

3 
17 

1 
23 
23 
14 
24 
16 


149 

3 
16 

1 
13 

0 
34 
18 
12 
18 

0 


3 

2 

19 

11 

2 

4 

13 

12 

3 

2 

44 

44 

14 

26 

34 

41 

70 

34 

0 

17 

05 

199 

1 

0 

16 

11 

3 

2 

14 

6 

2 

1 

33 

23 

20 

19 

24 

21 

25 

25 

15 

107 

1 

20 

12 

39 

6 

70 

76 

66 

154 

188 


638 

0 
22 

7 
25 

4 

74 

74 

78 

136 

243 


0 

0 

5 

0 

4 

0 

12 

2 

5 

0 

57 

14 

54 

12 

39 

14 

127 

44 

249 

208 

557 

297 

0 

0 

5 

0 

2 

0 

14 

1 

3 

0 

40 

8 

39 

12 

38 

13 

125 

33 

253 

188 

Total 


119 


156 


221 


667 


522 


259       1,9« 


See  footnotes  at  end  of  table. 
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Table  22 — Gross  volume  (wood  only)  of  logging  residue,  for  softwoods,  by 
large-end  diameter  and  length  classes,  by  stratum-^  (continued) 


Length 

(feet) 

Large-end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9      8. 

0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

Cubic  feet 

per  acre 

Interior: 

Public-- 

Clearcut 

3.1-3.9 

6 

2 

1 

0 

0 

0 

10 

4.0-4.9 

28 

15 

10 

16 

3 

0 

73 

5.0-5.9 

2 

4 

1 

6 

0 

0 

15 

6.0-6.9 

20 

15 

11 

36 

12 

0 

97 

7.0-7.9 

0 

1 

0 

4 

2 

0 

10 

8.0-11.9 

29 

28 

21 

50 

37 

10 

177 

12.0-15.9 

16 

12 

28 

55 

29 

3 

146 

16.0-19.9 

9 

16 

18 

36 

22 

14 

117 

20.0-27.9 

11 

9 

27 

63 

63 

16 

192 

28.0+ 

0 

0 

0 

29 

121 

80 

231 

Total 

126 

105 

120 

300 

294 

126 

1  ,074 

Partial    cut 

3.1-3.9 

16 

5 

1 

0 

0 

0 

23 

4.0-4.9 

34 

24 

16 

20 

3 

0 

98 

5.0-5.9 

2 

2 

2 

7 

2 

0 

18 

G.0-6.9 

21 

13 

8 

27 

7 

0 

80 

7.0-7.9 

0 

4 

3 

5 

2 

0 

15 

8.0-11.9 

27 

31 

23 

57 

21 

6 

168 

12.0-15.9 

22 

11 

12 

47 

30 

10 

135 

16.0-19.9 

21 

28 

25 

35 

47 

2 

160 

20.0-27.9 

0 

6 

11 

73 

64 

70 

227 

28.0+ 

28 

31 

15 

128 

112 

184 

501 

Total 

175 

160 

121 

404 

292 

276 

1.430 

Private^./ 

3.1-3.9 

13 

4 

1 

0 

0 

0 

19 

4.0-4.9 

25 

22 

10 

20 

2 

0 

81 

5.0-5.9 

1 

3 

3 

10 

2 

0 

21 

6.0-6.9 

24 

20 

17 

27 

18 

0 

107 

7.0-7.9 

1 

2 

2 

O 

5 

0 

21 

8.0-11.9 

33 

27 

31 

77 

63 

9 

243 

12.0-15.9 

15 

15 

18 

54 

38 

10 

153 

16.0-19.9 

28 

11 

20 

57 

40 

6 

165 

20.0-27.9 

20 

20 

30 

74 

60 

52 

259 

28.0+ 

11 

7 

0 

57 

96 

118 

292 

Total 

176 

136 

136 

388 

327 

200 

1  ,365 

Ponderosa  pinel/ 

3.1-3.9 

11 

2 

0 

0 

0 

0 

14 

4.0-4.9 

26 

15 

8 

9 

1 

0 

60 

5.0-5.9 

3 

1 

2 

5 

1 

0 

13 

6.0-6.9 

16 

10 

7 

17 

9 

0 

61 

7.0-7.9 

0 

2 

1 

3 

2 

1 

11 

8.0-11.9 

31 

31 

14 

61 

30 

2 

172 

12.0-15.9 

14 

21 

20 

52 

29 

7 

146 

16.0-19.9 

12 

15 

15 

61 

34 

27 

167 

20.0-27.9 

15 

16 

21 

63 

77 

66 

261 

28.0+ 

0 

8 

0 

47 

101 

82 

239 

Total 

132 

125 

93 

320 

288 

187 

1,148 

l/ooes  not  include  residue  in  large  piles. 

1/ Samples  were  selected  from  all  harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

^/samples  were  selected  from  all  harvest  methods  and  ownership  classes. 
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Table  23 — Gross  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by 
large-end  diameter  and  length  classes,  by  stratum^ 


Length 

(feet) 

Large-end 

stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9      8.1 

0-15.9       16 

.0-31.9 

32.0+ 

Total 

Inches 

r'liK'i/'    'fQQ  + 

per  acre 

Coastal : 

\j\iU  1  K,      1  cc  L 

Public— 

Clearcut 

3.1-3.9 

5 

3 

2 

0 

0 

0 

11 

4.0-4.9 

15 

16 

11 

17 

2 

0 

65 

5.0-5.9 

3 

3 

2 

8 

3 

0 

21 

6.0-6.9 

10 

8 

7 

16 

9 

0 

53 

7.0-7.9 

0 

1 

1 

5 

2 

0 

10 

8.0-11.9 

13 

12 

11 

27 

24 

4 

93 

12.0-15.9 

7 

7 

9 

25 

1 

2 

54 

16.0-19.9 

5 

16 

3 

21 

11 

3 

62 

20.0-27.9 

9 

6 

21 

20 

12 

0 

71 

28.0+ 

23 

12 

20 

8 

48 

0 

113 

Total 

94 

87 

93 

154 

117 

10 

558 

Partial    cut 

3.1-3.9 

3 

1 

0 

1 

0 

0 

7 

4.0-4.9 

8 

7 

7 

6 

1 

0 

32 

5.0-5.9 

0 

0 

0 

5 

1 

0 

9 

6.0-6.9 

5 

6 

5 

10 

7 

0 

36 

7.0-7.9 

0 

0 

0 

1 

0 

0 

3 

8.0-11.9 

9 

3 

7 

19 

9 

2 

51 

12.0-15.9 

n 

2 

4 

6 

3 

6 

34 

16.0-19.9 

9 

9 

6 

0 

5 

6 

36 

20.0-27.9 

5 

0 

0 

10 

0 

0 

16 

28.0+ 

15 

0 

0 

23 

21 

13 

74 

Total 

69 

32 

33 

85 

51 

30 

301 

Private-- 

Clearcut 

3.1-3.9 

3 

2 

1 

1 

0 

0 

9 

4.0-4.9 

11 

12 

8 

15 

4 

0 

52 

5.0-5.9 

1 

1 

2 

10 

3 

0 

21 

6.0-6.9 

7 

7 

10 

28 

10 

2 

66 

7.0-7.9 

0 

2 

1 

6 

4 

0 

15 

8.0-11.9 

11 

19 

18 

41 

41 

13 

146 

12.0-15.9 

11 

3 

10 

23 

18 

7 

75 

16.0-19.9 

6 

15 

8 

21 

15 

12 

80 

20.0-27.9 

4 

10 

7 

19 

30 

24 

97 

28.0+ 

0 

0 

0 

49 

33 

86 

175 

Total 

59 

75 

70 

218 

168 

147 

739 

Partial    cut 

3.1-3.9 

2 

0 

0 

0 

0 

0 

3 

4.0-4.9 

8 

9 

8 

17 

4 

0 

48 

5.0-5.9 

0 

1 

0 

5 

2 

0 

10 

6.0-6.9 

6 

8 

2 

14 

11 

1 

45 

7.0-7.9 

0 

0 

1 

3 

2 

0 

8 

8.0-11.9 

13 

13 

6 

40 

31 

7 

111 

12.0-15.9 

12 

7 

6 

27 

20 

8 

83 

16.0-19.9 

1 

0 

0 

34 

4 

1 

42 

20.0-27.9 

5 

4 

7 

21 

18 

9 

65 

28.0+ 

0 

0 

0 

29 

31 

29 

91 

Total 

50 

48 

33 

194 

126 

57 

510 

See  footnotes  at  end  of  table. 
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Table  23 — Gross  volume  (wood  only)  of  live  logging  residue,  for  softwoods,  by 
large-end  diameter  and  length  classes,  by  stratum-!^  (continued) 


Length 

(feet) 

Large-end 
diameter 

stratum 

.0-3.9 

4.0-5.9 

6.0-7.9 

8. 

D-15.9       16 

0-31.9 

32.0+ 

Total 

Inches 

Cubic 

feet 

per  acre 

Interior: 

Public-- 

Clearcut 

3.1-3.9 

3 

0 

0 

0 

0 

0 

5 

4.0-4.9 

14 

10 

6 

11 

2 

0 

44 

5.0-5.9 

1 

2 

0 

5 

0 

0 

11 

6.0-6.9 

8 

8 

7 

25 

8 

0 

57 

7.0-7.9 

0 

1 

0 

3 

1 

0 

7 

8.0-11.9 

11 

12 

7 

32 

26 

5 

95 

12.0-15.9 

6 

1 

13 

8 

7 

0 

37 

16.0-19.9 

5 

8 

2 

4 

2 

2 

25 

20.0-27.9 

4 

9 

4 

17 

0 

8 

43 

28.0+ 

0 

0 

0 

0 

16 

13 

29 

Total 

55 

55 

42 

109 

65 

30 

358 

Partial   cut 

3.1-3.9 

6 

1 

0 

0 

0 

0 

8 

4.0-4.9 

11 

11 

8 

10 

1 

0 

43 

5.0-5.9 

1 

1 

1 

4 

1 

0 

10 

5.0-6.9 

5 

5 

2 

13 

4 

0 

31 

7.0-7.9 

0 

2 

1 

2 

2 

0 

8 

8.0-11.9 

4 

10 

6 

19 

5 

2 

49 

12.0-15.9 

9 

3 

5 

7 

6 

4 

36 

16.0-19.9 

10 

8 

5 

7 

1 

0 

34 

20.0-27.9 

0 

0 

8 

2 

4 

4 

19 

28.0+ 

20 

11 

0 

8 

21 

18 

80 

Total 

71 

56 

40 

75 

49 

31 

323 

Private?./ 

3.1-3.9 

6 

3 

0 

0 

0 

0 

10 

4.0-4.9 

12 

12 

6 

12 

1 

0 

45 

5.0-5.9 

0 

2 

2 

6 

1 

0 

13 

6.0-6.9 

6 

10 

9 

15 

9 

0 

52 

7.0-7.9 

0 

1 

2 

5 

3 

0 

13 

8.0-11.9 

12 

8 

12 

43 

39 

4 

120 

12.0-15.9 

6 

7 

6 

16 

18 

5 

62 

16.0-19.9 

16 

0 

8 

12 

1 

5 

44 

20.0-27.9 

14 

7 

15 

6 

10 

10 

64 

28.0+ 

0 

0 

0 

0 

6 

0 

7 

Total 

76 

52 

66 

119 

92 

28 

434 

Ponderosa  pinel/ 

3.1-3.9 

4 

1 

0 

0 

0 

0 

6 

4.0-4.9 

8 

7 

3 

3 

0 

0 

23 

5.0-5.9 

1 

1 

1 

2 

0 

0 

6 

6.0-6.9 

2 

2 

2 

6 

5 

0 

20 

7.0-7.9 

0 

0 

0 

2 

1 

0 

5 

8.0-11.9 

11 

8 

5 

19 

18 

0 

63 

12.0-15.9 

3 

6 

■9 

8 

4 

1 

34 

16.0-19.9 

5 

0 

8 

4 

8 

3 

31 

20.0-27.9 

14 

11 

0 

12 

3 

0 

41 

28.0+ 

0 

7 

0 

5 

3 

0 

17 

Total 

52 

47 

31 

66 

46 

6 

251 

i/ooes  not  include  residue  in  large  piles. 

2/ Samples  were  selected  from  all  harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

1/samples  were  selected  from  all  harvest  methods  and  ownership  classes. 
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Table  24— Number  of  live  pieces  of  logging  residue  per  acre,  by  small-end 
diameter  and  length  classes,  by  stratum^ 


Length  (feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Tot 

Inches 

Number  of 

pieces  per 

Jkrvo          —    — 

Coastal : 

aCi c         -    - 

Public- 

Clearcut 

3.1-3.9 

17.3 

21.9 

16.2 

39.4 

23.8 

8.2 

126 

4.0-4.9 

10.6 

9.0 

6.1 

11.0 

5.4 

1.6 

43 

5.0-5.9 

.8 

1.1 

1.1 

2.0 

1.2 

.2 

6 

6.0-6.9 

4.8 

2.8 

2.0 

5.8 

3.0 

1.2 

19 

7.0-7.9 

.3 

.3 

.5 

.5 

.5 

0 

2 

8.0-11.9 

2.2 

2.3 

2.0 

3.4 

2.8 

.6 

13 

12.0-15.9 

.8 

.3 

.8 

2.8 

.6 

.2 

5 

16.0-19.9 

.2 

.3 

.3 

.6 

.3 

.2 

1 

20.0-27.9 

.3 

.2 

.8 

.3 

.6 

0 

2 

28.0+ 

.3 

.2 

0 

0 

.5 

0 

Total 

37.5 

38.4 

29.7 

65.8 

38.7 

12.1 

222' 

Partial   cut 

3.1-3.9 

8.4 

8.5 

10.0 

16.2 

8.4 

3.3 

54 

4.0-4.9 

7.2 

5.2 

2.7 

8.2 

2.7 

.5 

26 

5.0-5.9 

.8 

.5 

0 

1.5 

.8 

.2 

■3 

6.0-6.9 

2.0 

1.8 

2.3 

2.8 

.5 

.3 

9 

7.0-7.9 

.3 

0 

.2 

.3 

.2 

0 

1 

8.0-11.9 

1.0 

.3 

1.3 

2.0 

1.2 

.2 

6 

12.0-15.9 

1.3 

.3 

0 

.2 

.3 

.2 

2 

16.0-19.9 

.3 

.5 

.3 

.3 

.2 

0 

1 

20.0-27.9 

.2 

0 

0 

0 

0 

0 

28.0+ 

.2 

0 

0 

.2 

.2 

.2 

Total 

21.7 

17.2 

16.9 

31.7 

14.4 

4.8 

106 

Private-- 

Clearcut 

3.1-3.9 

14.4 

18.6 

19.0 

51.6 

40.8 

13.1 

155 

4.0-4.9 

10.8 

0.2 

6.0 

23.1 

19.5 

3.2 

7C 

5.0-5.9 

.9 

1.2 

1.9 

5.1 

2.6 

.7 

i;. 

6.0-6.9 

3.7 

2.1 

3.0 

11.0 

7.3 

2.3 

2S1 

7.0-7.9 

0 

.9 

0 

.9 

.4 

.2 

21 

8.0-11.9 

1.6 

3.5 

2.1 

8.9 

5.9 

1.2 

23? 

12.0-15.9 

.9 

.4 

.9 

1.8 

1.8 

.7 

6( 

16.0-19.9 

.4 

.7 

.4 

1.2 

.9 

.2 

3! 

20.0-27.9 

.2 

.4 

.2 

0 

.2 

1.1 

2; 

28.0+ 

0 

0 

0 

.5 

.5 

.7 

li 

Total 

32.8 

36.0 

33.2 

102.9 

79.3 

23.4 

307; 

Partial   cut 

3.1-3.9 

6.8 

8.2 

9.8 

29.9 

20.1 

5.1 

8C( 

4.0-4.9 

7.5 

8.6 

4.7 

16.8 

9.1 

1.8 

4(( 

5.0-5.9 

.9 

1.2 

.7 

3.5 

1.1 

0 

7 

6.0-6.9 

2.1 

3.0 

2.1 

7.2 

4.2 

.7 

H 

7.0-7.9 

0 

.2 

.2 

0 

.4 

0 

8.0-11.9 

2.3 

2.8 

1.4 

6.3 

2.3 

1.8 

If 

12.0-15.9 

1.2 

.9 

.4 

2.3 

1.4 

.2 

e 

16.0-19.9 

0 

0 

.4 

1.6 

.7 

.4 

3 

20.0-27.9 

.2 

.2 

0 

.5 

0 

0 

28.0+ 

0 

0 

.2 

.4 

.2 

.2 

i 
-1 

Total 

21.0 

25.0 

19.8 

68.4 

39.4 

10.0 

18*1 

See  footnotes  at  end  of  table. 
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Table  24 — Number  of  live  pieces  of  logging  residue  per  acre,  by  small-end 
diameter  and  length  classes,  by  stratum-^  (continued) 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

Interior: 

aCre        -   - 

Public-- 

Clearcut 

3.1-3.9 

13.0 

11.5 

7.9 

25.1 

12.0 

1.3 

70.9 

4.0-4.9 

8.7 

5.3 

4.6 

11.4 

3.0 

.2 

33.1 

5.0-5.9 

.3 

1.2 

.5 

1.5 

.3 

.2 

4.0 

6.0-6.9 

2.5 

2.3 

2.0 

3.8 

2.0 

.5 

13.0 

7.0-7.9 

0 

.3 

.2 

.2 

.2 

0 

.8 

8.0-11.9 

2.1 

1.0 

.8 

2.3 

1.0 

.5 

7.8 

12.0-15.9 

.5 

.2 

1.0 

.8 

.3 

.2 

3.0 

16.0-19.9 

.2 

.3 

.2 

.2 

.2 

0 

1.0 

20.0-27.9 

.2 

.3 

.2 

.3 

0 

0 

1.0 

28.0+ 

0 

0 

0 

0 

.2 

.2 

.3 

Total 

27.5 

22.4 

17.3 

45.5 

19.1 

3.0 

134.9 

Partial   cut 

3.1-3.9 

12.4 

10.5 

9.8 

18.4 

7.5 

.7 

59.3 

4.0-4.9 

7.6 

5.8 

3.2 

5.6 

2.3 

.4 

24.9 

5.0-5.9 

1.0 

1.4 

.4 

1.4 

.1 

0 

4.5 

6.0-6.9 

1.3 

1.2 

1.2 

2.6 

.7 

.4 

7.3 

7.0-7.9 

.1 

.3 

0 

0 

0 

0 

.4 

8.0-11.9 

1.0 

1.7 

.7 

1.6 

.3 

.3 

5.6 

12.0-15.9 

1.0 

0 

.7 

.7 

.1 

0 

2.6 

16.0-19.9 

.3 

.4 

0 

.4 

0 

0 

1.2 

20.0-27.9 

.1 

0 

.3 

0 

.3 

0 

.7 

28.0+ 

.1 

.1 

0 

.1 

.1 

.1 

.7 

Total 

25.1 

21.5 

16.3 

31.0 

11.5 

2.0 

107.3 

Private^/ 

3.1-3.9 

13.7 

13.9 

9.3 

21.0 

12.3 

3.2 

73.3 

4.0-4.9 

7.5 

5.8 

4.7 

10.5 

5.4 

.6 

34.4 

5.0-5.9 

.3 

1.4 

1.1 

1.8 

2.5 

.3 

7.3 

6.0-6.9 

2.2 

2.8 

3.6 

4.8 

3.7 

1.2 

18.4 

7.0-7.9 

.4 

.6 

.7 

1.8 

.7 

0 

4.1 

8.0-11.9 

2.1 

1.4 

1.2 

5.2 

2.5 

.7 

13.1 

12.0-15.9 

.6 

.7 

.6 

1.0 

.4 

0 

3.2 

16.0-19.9 

.8 

.1 

.4 

.4 

.1 

.4 

2.3 

20.0-27.9 

.4 

.1 

.4 

.1 

.4 

0 

1.5 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

27.9 

26.8 

22.0 

46.7 

28.0 

6.4 

157.7 

Ponderosa  pineA' 

3.1-3.9 

10.9 

8.1 

5.0 

9.0 

7.1 

.6 

40.7 

4.0-4.9 

3.9 

3.1 

1.9 

2.3 

1.2 

0 

12.4 

5.0-5.9 

.2 

.6 

.3 

.5 

.3 

0 

1.9 

6.0-6.9 

1.1 

.8 

.6 

1.2 

.9 

0 

4.7 

7.0-7.9 

.5 

.3 

0 

.2 

.2 

0 

1.1 

8.0-11.9 

1.9 

1.2 

.8 

2.6 

.5 

.3 

7.3 

12.0-15.9 

.3 

.5 

.6 

.5 

.5 

0 

2.3 

16.0-19.9 

.3 

0 

.5 

.2 

.5 

0 

1.4 

20.0-27.9 

.5 

.5 

0 

.6 

0 

0 

1.6 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

19.4 

15.1 

9.6 

17.1 

11.2 

.9 

73.3 

l/Ooes  not  include  residue  in  large  piles. 

^./samples  were  selected  from  all    harvest  methods;  the  majority  of  samples  were  from  partial-cut 
areas. 

l^Samples  were  selected  from  all    harvest  methods  and  ownership  classes. 
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Table  25 — Number  of  pieces  of  logging  residue  per  acre  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum^ 


Lengtl' 

1   (feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

Coastal : 

3Cr8         -    - 

Public-- 

Clearcut 

3.1-3.9 

38.3 

32.6 

22.1 

45.8 

17.6 

2.8 

159.3 

4.0-4.9 

30.8 

16.9 

9.4 

15.4 

4.9 

.8 

78.0 

5.0-5.9 

2.6 

1.7 

1.5 

3.4 

.8 

0 

9.9 

6.0-5.9 

11.8 

5.4 

3.0 

10.3 

2.4 

.6 

33.6 

7.0-7.9 

.9 

.6 

.6 

.6 

.6 

0 

3.2 

8.0-11.9 

7.5 

6.0 

4.3 

8.G 

3.5 

2.1 

32.1 

12.0-15.9 

2.4 

1.3 

2.4 

6.4 

1.9 

.3 

15.2 

16.0-19.9 

1.7 

1.1 

1.3 

3.9 

2.3 

.2 

10.5 

20.0-27.9 

.9 

1.1 

1.9 

2.1 

1.5 

.9 

8.4 

2G.0+ 

.4 

.4 

0 

.6 

1.3 

.2 

2.3 

Total 

97.4 

67.2 

46.5 

97.0 

35.3 

3.3 

353.0 

Partial    cut 

3.1-3.9 

27.1 

19.8 

17.9 

32.4 

18.5 

5.1 

120.9 

4.0-4.9 

25.4 

16.0 

3.3 

13.1 

0.4 

1.3 

75.5 

5.0-5.9 

1.7 

1.1 

1.3 

3.4 

1.1 

.2 

8.7 

6.0-6.9 

G.8 

6.0 

4.1 

7.9 

3.4 

.5 

28.8 

7.0-7.9 

9 

0 

.2 

.9 

.4 

.2 

1.9 

3.0-11.9 

5."3 

3.0 

4.5 

9.6 

7.2 

.9 

30.9 

12.0-15.9 

2.8 

1.5 

1.3 

3.2 

3.2 

1.7 

13.6 

16.0-19.9 

1.1 

1.5 

1.1 

1.5 

1.7 

1.7 

3.5 

20.0-27.9 

.2 

.6 

.2 

1.3 

.9 

.6 

3.8 

28.0+ 

.4 

0 

0 

1.1 

.4 

.5 

2.5 

Total 

71.4 

49.5 

38.  G 

79.3 

43.3 

13.0 

295.3 

Private — 

Clearcut 

3.1-3.9 

15.2 

20.5 

17.1 

33.9 

19.1 

4.C 

115.4 

4.0-4.9 

16.1 

9.9 

3.3 

17.1 

11.7 

.7 

63.8 

5.0-5.9 

1.4 

1.6 

1.6 

4.2 

1.1 

.4 

10.2 

6.0-6.9 

7.2 

4.4 

3.9 

11.0 

3.9 

.7 

31.1 

7.0-7.9 

.4 

.9 

.5 

.9 

.9 

0 

3.5 

8.0-11.9 

4.2 

C.5 

7.2 

11.5 

6.4 

1.6 

37.5 

12.0-15.9 

1.9 

1.4 

2.5 

6.0 

3.0 

.7 

15.5 

16.0-19.9 

.5 

1.6 

1.4 

3.7 

2.3 

.4 

9.9 

20.0-27.9 

1.1 

1.6 

.7 

2.6 

2.8 

1.9 

10.3 

23.0+ 

.2 

0 

.2 

1.9 

2.5 

1.6 

6.4 

Total 

43.2 

48.4 

43.5 

97.9 

53.5 

12.5 

304.0 

Partial    cut 

3.1-3.9 

11.2 

11.4 

10.2 

23.2 

15.0 

2.3 

78.3 

4.0-4.9 

14.3 

13.7 

6.4 

19.1 

7.9 

1.2 

62.6 

5.0-5.9 

1.2 

1.2 

1.5 

3.0 

.8 

.2 

7.7 

6.0-6.9 

4.6 

5.3 

3.6 

9.9 

4.3 

.5 

28.2 

7.0-7.9 

0 

.3 

.3 

.7 

.2 

0 

1.5 

3.0-11.9 

5.6 

6.3 

3.3 

10.9 

4.9 

1.5 

32.5 

12.0-15.9 

1.6 

2.0 

1.3 

4.8 

3.0 

.7 

13.3 

16.0-19.9 

.7 

1.5 

1.3 

4.6 

2.8 

1.2 

12.5 

20.0-27.9 

.7 

.7 

.2 

2.6 

2.8 

.8 

7.7 

28.0+ 

0 

0 

1.2 

2.8 

2.1 

1.2 

7.3 

Total 

39.9 

42.2 

29.8 

86.5 

43.8 

9.4 

251.7 

See  footnotes  at  end  of  table. 
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Table  25 — Number  of  pieces  of  logging  residue  per  acre  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum^  (continued) 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

Interior: 

aCrc          ~    ~ 

Public-- 

Clearcut 

3.1-3.9 

23.2 

16.8 

9.8 

30.2 

15.4 

1.4 

96.8 

4.0-4.9 

19.8 

8.8 

7.1 

16.1 

5.5 

1.1 

58.4 

5.0-5.9 

.5 

1.4 

,  7 

2.5 

1.3 

.2 

6.6 

6.0-6.9 

6.6 

5.7 

4.5 

7.7 

2.9 

.7 

28.0 

7.0-7.9 

0 

.4 

.5 

.2 

0 

1.4 

8.0-11.9 

4.6 

3.9 

2.1 

7.1 

1.8 

.9 

20.5 

12.0-15.9 

1.3 

.5 

2.5 

4.3 

1.4 

.5 

10.5 

16.0-19.9 

.4 

.5 

1.1 

1.3 

1.0 

0 

5.0 

20.0-27.9 

.4 

.4 

.9 

1.4 

.2 

3.6 

28.0+ 

0 

0 

o' 

.4 

1.4 

.9 

2.7 

Total 

56.8 

38.4 

28.6 

70.9 

33.0 

5.9 

233.6 

Partial   cut 

3.1-3.9 

31.6 

24.4 

17.9 

34.7 

11.5 

1.8 

121.9 

4.0-4.9 

25.2 

12.5 

7.0 

12.5 

5.5 

1.4 

64.0 

5.0-5.9 

1.8 

1.9 

1.2 

1.9 

.4 

.2 

7.4 

6.0-6.9 

7.0 

4.9 

3.9 

6.6 

1.9 

1.0 

25.3 

7.0-7.9 

.2 

.6 

.8 

.2 

0 

0 

1.8 

8.0-11.9 

4.5 

4.1 

2.9 

7.6 

3.7 

1.4 

24.2 

12.0-15.9 

2.1 

.8 

1.4 

3.9 

2.3 

.8 

11.3 

16.0-19.9 

.8 

1.4 

.8 

2.5 

1.4 

.6 

7.4 

20.0-27.9 

.2 

.2 

.4 

1.4 

2.1 

.4 

5.7 

28.0+ 

.2 

.4 

.2 

1.6 

.6 

1.4 

4.3 

Total 

73.5 

51.1 

36.5 

72.9 

29.4 

9.7 

273.2 

Private?./ 

3.1-3.9 

24.6 

22.1 

12.2 

31.8 

16.9 

2.6 

110.2 

4.0-4.9 

20.1 

12.5 

8.7 

17.0 

9.6 

1.0 

68.9 

5.0-5.9 

1.2 

2.0 

1.7 

3.2 

2.6 

.4 

11.2 

6.0-6.9 

8.6 

6.4 

5.4 

8.4 

6.1 

1  .2 

36.1 

7.0-7.9 

.7 

.9 

1.0 

2.0 

1.0 

0 

6.4 

8.0-11.9 

5.8 

4.2 

4.8 

10.2 

4.5 

1.5 

31.0 

12.0-15.9 

1.2 

1.5 

1.3 

3.3 

2.9 

.7 

10.9 

16.0-19.9 

1.3 

.6 

.7 

2.9 

1.6 

1  .2 

8.3 

20.0-27.9 

.6 

.4 

.9 

1.7 

1.5 

.9 

6.0 

28.0+ 

.1 

.1 

0 

.7 

.9 

.7 

2.6 

Total 

64.1 

50.8 

36.8 

82.2 

47.6 

10.2 

291.6 

Ponderosa  pinei./ 

3.1-3.9 

27.6 

15.9 

11.2 

20.2 

13.0 

2.2 

90.1 

4.0-4.9 

16.8 

8.3 

4.0 

8.1 

1.9 

.5 

39.5 

5.0-5.9 

1.4 

.9 

1.0 

1.0 

.5 

0 

4.S 

6.0-6.9 

4.3 

3.1 

1.7 

5.0 

2.8 

1.2 

18.1 

7.0-7.9 

.5 

.7 

.2 

.3 

.2 

0 

1.9 

8.0-11.9 

5.5 

5.7 

2.1 

8.8 

3.6 

1.9 

27.6 

12.0-15.9 

.9 

1.0 

1.6 

4.1 

2.2 

.5 

10.4 

16.0-19.9 

.7 

.3 

1.0 

2.9 

1.7 

1.7 

8.5 

20.0-27.9 

.5 

.5 

.5 

1.9 

2.4 

1.0 

6.9 

28.0+ 

0 

0 

0 

.2 

.3 

.3 

.9 

Total 

58.2 

36.4 

23.3 

52.7 

28.7 

9.5 

208.8 

l/ooes  not  include  residue  in  large  piles. 

l/Samples  were  selected  from  all  harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

1/Samples  were  selected  from  all  harvest  methods  and  ownership  classes. 


Table  26 — Number  of  live  pieces  of  logging  residue  per  acre  for  softwoods,  b] 
small-end  diameter  and  length  classes,  by  stratum-!-^ 


Length 

1   (feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

T( 

Inches 

Number  of 

pieces  per 

ap»-p             _      _ 

Coastal : 

aLi c           -     - 

Public  — 

Clearcut 

3.1-3.9 

15.9 

13.2 

13.4 

29.4 

12.0 

1.6 

4.0-4.9 

10.3 

8.2 

5.6 

8.7 

3.4 

.6 

5.0-5.9 

.6 

.9 

1.1 

1.6 

.5 

0 

6.0-6.9 

4.5 

2.5 

1.6 

4.4 

1.4 

.5 

7.0-7.9 

.3 

.3 

.5 

.3 

.5 

0 

8.0-11.9 

1.7 

2.2 

1.9 

2.5 

1.4 

.3 

12.0-15.9 

.8 

.3 

.8 

2.3 

.5 

0 

16.0-19.9 

.2 

.3 

.3 

.6 

.3 

0 

20.0-27.9 

.3 

.2 

.8 

.3 

.5 

0 

28.0+ 

.3 

.2 

0 

0 

.5 

0 

Total 

34.8 

33.3 

25.8 

50.1 

20.8 

3.0 

1 

Partial    cut 

3.1-3.9 

7.4 

7.7 

8.7 

13.0 

6.5 

2.5 

4.0-4.9 

6.9 

4.7 

2.3 

6.5 

2.2 

.3 

5.0-5.9 

.8 

.3 

0 

1.5 

.7 

0 

6.0-5.9 

1.3 

1.7 

2.2 

2.3 

.5 

.2 

7.0-7.9 

.2 

0 

0 

.3 

.2 

0 

8.0-11.9 

1.0 

.3 

1.3 

1.7 

1.0 

.2 

12.0-15.9 

1.2 

.2 

0 

.2 

.3 

.2 

16.0-19.9 

.3 

.5 

.3 

.3 

.2 

0 

20.0-27.9 

.2 

0 

0 

0 

0 

0 

28.0+ 

.2 

0 

0 

.2 

.2 

.2 

Total 

19.9 

15.4 

14.9 

26.1 

11.7 

3.5 

Private-- 

Clearcut 

3.1-3.9 

9.2 

13.3 

13.7 

30.2 

17.9 

4.3 

4.0-4.9 

8.9 

5.3 

4.6 

12.6 

8.7 

.7 

5.0-5.9 

.9 

1.1 

1.4 

3.5 

.9 

.4 

6.0-5.9 

3.0 

2.0 

2.5 

6.0 

2.1 

.4 

7.0-7.9 

0 

.5 

0 

.5 

.4 

0 

8.0-11.9 

1.4 

3.2 

2.1 

5.9 

2.8 

.9 

12.0-15.9 

.9 

.4 

.9 

1.4 

.7 

.5 

16.0-19.9 

.4 

.5 

.4 

1.1 

.9 

.2 

20.0-27.9 

.2 

.4 

.2 

0 

.2 

1.1 

28.0+ 

0 

0 

0 

.5 

.5 

.7 

Total 

24.8 

26.6 

25.7 

61.7 

35.1 

9.0 

11 

Partial    cut 

3.1-3.9 

5.6 

6.7 

7.7 

20.8 

13.5 

2.5 

j 

4.0-4.9 

6.7 

7.9 

2.6 

12.6 

5.6 

.7 

5.0-5.9 

.7 

.7 

.7 

2.8 

.9 

0 

6.0-6.9 

2.1 

2.8 

1.6 

5.1 

3.2 

.2 

1 

7.0-7.9 

0 

0 

.2 

0 

.2 

0 

8.0-11.9 

2.3 

2.5 

.7 

4.9 

1.8 

.9 

1 

12.0-15.9 

1.2 

.5 

.4 

1.4 

1.1 

.2 

16.0-19.9 

0 

0 

.4 

1.2 

.5 

.4 

20.0-27.9 

.2 

.2 

0 

.5 

0 

0 

28.0+ 

0 

0 

0 

.4 

.2 

.2 

Total 

18.7 

21.2 

14.2 

49.7 

26.8 

4.9 

i: 

See   footnotes  at  end  of  table. 
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Table  26 — Number  of  live  pieces  of  logging  residue  per  acre  for  softwoods,  by 
small-end  diameter  and  length  classes,  by  stratum-!^  (continued) 


Length 

(feet) 

Small -end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

Interior: 

acre       -  - 

Public-- 

Clearcut 

3.1-3.9 

12.5 

10.6 

6.9 

24.4 

11.7 

1.3 

67.4 

4.0-4.9 

8.2 

5.3 

4.1 

10.7 

3.0 

.2 

31.5 

5.0-5.9 

.2 

1.2 

.5 

1.5 

.3 

.2 

3.8 

6.0-6.9 

2.5 

2.3 

2.0 

3.6 

2.0 

.2 

12.5 

7.0-7.9 

0 

.3 

.2 

.2 

.2 

0 

.8 

8.0-11.9 

2.1 

1.0 

.8 

2.3 

.5 

.3 

7.1 

12.0-15.9 

.5 

.2 

1.0 

.8 

.2 

.2 

2.8 

16.0-19.9 

.2 

.3 

0 

.2 

0 

0 

.7 

20.0-27.9 

.2 

.3 

.2 

.3 

0 

0 

1.0 

28.0+ 

0 

0 

0 

0 

.2 

.2 

.3 

Total 

26.4 

21.4 

15.7 

44.0 

18.0 

2.5 

128.0 

Partial   cut 

3.1-3.9 

12.0 

10.5 

9.4 

17.6 

6.8 

.7 

56.9 

4.0-4.9 

7.6 

5.8 

3.2 

5.6 

2.2 

.4 

24.8 

5.0-5.9 

1.0 

1.4 

.4 

1.4 

.1 

0 

4.5 

6.0-6.9 

1.3 

1.2 

1.2 

2.6 

.7 

.4 

7.3 

7.0-7.9 

.1 

.3 

0 

0 

0 

0 

.4 

8.0-11.9 

1.0 

1.7 

.7 

1.4 

.3 

.3 

5.5 

12.0-15.9 

1.0 

0 

.7 

.7 

.1 

0 

2.6 

16.0-19.9 

.3 

.4 

0 

.4 

0 

0 

1.2 

20.0-27.9 

.1 

0 

.3 

0 

.3 

0 

.7 

28.0+ 

.1 

.1 

0 

.1 

.1 

.1 

.7 

Total 

24.6 

21.5 

15.8 

30.0 

10.7 

2.0 

104.5 

Privatel/ 

3.1-3.9 

13.1 

13.4 

8.4 

19.7 

10.4 

2.1 

67.1 

4.0-4.9 

7.3 

5.8 

4.6 

9.9 

5.2 

.3 

33.1 

5.0-5.9 

.3 

1.2 

1.1 

1.8 

2.5 

.3 

7.2 

6.0-6.9 

2.2 

2.6 

3.5 

4.4 

3.2 

.7 

16.6 

7.0-7.9 

.4 

.6 

.7 

1.8 

.7 

0 

4.1 

8.0-11.9 

2.1 

1.4 

1.2 

5.1 

2.2 

.6 

12.6 

12.0-15.9 

.6 

.7 

.6 

1.0 

.4 

0 

3.2 

lC.0-19.9 

.8 

.1 

.4 

.4 

.1 

.4 

2.3 

20.0-27.9 

.4 

.1 

.4 

.1 

.4 

0 

1.5 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

27.2 

26.0 

20.8 

44.3 

25.1 

4.3 

147.7 

Ponderosa  pineA' 

3.1-3.9 

10.9 

8.1 

5.0 

9.0 

7.1 

.6 

40.7 

4.0-4.9 

3.9 

3.1 

1.9 

2.3 

1.2 

0 

12.4 

5.0-5.9 

.2 

.6 

.3 

.5 

.3 

0 

1.9 

6.0-6.9 

1.1 

.8 

.6 

1.2 

.9 

0 

4.7 

7.0-7.9 

.5 

.3 

0 

.2 

.2 

0 

1.1 

8.0-11.9 

1.9 

1.2 

.8 

2.6 

.5 

.3 

7.3 

12.0-15.9 

.3 

.5 

.6 

.5 

.5 

0 

2.3 

16.0-19.9 

.3 

0 

.5 

.2 

.5 

.2 

1.4 

20.0-27.9 

.5 

.5 

0 

.6 

0 

0 

1.6 

28.0+ 

0 

0 

0 

0 

0 

0 

0 

Total 

19.4 

15.1 

9.6 

17.1 

11.2 

.9 

73.3 

i/ooes  not  include  residue   in  large  piles. 

l^Samples  were  selected   from  all   harvest  methods;   the  majority  of  samples  were  from  partial -cut 
areas. 

l/samples  were  selected  from  all    harvest  methods  and  ownership  classes. 
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Table  27— Number  of  pieces  of  logging  residue  per  acre,  by  large-end  diameter 
and  length  classes,  by  stratum-^ 


Lengt^ 

1   (feet) 

Large-end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

Coastal : 

acrc        -   - 

Public- 

Clearcut 

3.1-3.9 

17.8 

7.9 

4.7 

1.9 

0.2 

0 

32.5 

4.0-4.9 

43.3 

33.0 

21.2 

32.3 

5.8 

.4 

136.0 

5.0-5.9 

5.8 

6.4 

3.9 

15.2 

3.9 

.6 

35.8 

6.0-6.9 

16.5 

12.2 

7.9 

21.4 

12.4 

.4 

70.7 

7.0-7.9 

.4 

1.5 

.8 

3.2 

2.4 

'~:2 

8.4 

8.0-11.9 

12.2 

8.4 

6.2 

22.9 

20.4 

8.1 

78.2 

12.0-15.9 

3.4 

2.3 

3.0 

11.1 

4.9 

4.1 

28.7 

16.0-19.9 

2.4 

2.8 

1.5 

7.3 

4.1 

2.4 

20.6 

20.0-27.9 

1.1 

1.7 

2.4 

3.4 

3.0 

1.7 

13.3 

28.0+ 

.6 

.4 

.6 

.8 

2.4 

1.5 

6.2 

Total 

103.5 

76.5 

52.1 

119.3 

59.7 

19.3 

430.5 

Partial    cut 

3.1-3.9 

11.5 

3.4 

2.6 

2.3 

0 

0 

19.8 

4.0-4.9 

36.0 

26.0 

19.0 

22.8 

6.8 

.4 

111.1 

5.0-5.9 

2.8 

3.2 

2.6 

10.2 

5.5 

.6 

24.9 

6.0-5.9 

11.3 

10.0 

8.7 

20.7 

10.2 

1.7 

62.7 

7.0-7.9 

.2 

1.3 

.9 

3.4 

1.3 

.4 

7.5 

8.0-11.9 

9.0 

6.4 

6.0 

23.2 

13.9 

3.6 

62.0 

12.0-15.9 

3.6 

1.5 

2.8 

7.5 

6.4 

2.6 

24.3 

15.0-19.9 

1.7 

2.1 

1.1 

2.3 

3.8 

1.3 

12.4 

20.0-27.9 

.2 

.9 

.9 

2.6 

1.9 

1.9 

8.3 

28.0+ 

.4 

0 

0 

1.3 

.9 

2.3 

4.9 

Total 

76.7 

54.8 

44.3 

96.4 

50.7 

14.9 

337.9 

Private-- 

Clearcut 

3.1-3.9 

7.9 

4.1 

3.5 

2.6 

.7 

0 

18.9 

4.0-4.9 

26.1 

26.3 

16.4 

33.2 

10.8 

.9 

113.8 

5.0-5.9 

2.6 

3.5 

3.9 

16.1 

7.8 

.5 

34.4 

6.0-6.9 

9.4 

8.5 

8.5 

36.2 

18.2 

2.3 

83.0 

7.0-7.9 

.5 

1.6 

1.2 

4.9 

3.5 

.5 

12.4 

8.0-11.9 

7.6 

11.3 

12.0 

30.2 

36.2 

11.0 

108.3 

12.0-15.9 

3.0 

1.6 

3.0 

10.2 

11.1 

5.8 

34.8 

16.0-19.9 

.9 

1.9 

3.2 

4.4 

4.2 

1.6 

16.3 

20.0-27.9 

1.1 

2.6 

1.2 

5.7 

4.9 

1.8 

17.3 

28.0+ 

.4 

.2 

.4 

2.8 

3.2 

2.8 

9.7 

Total 

59.5 

61.7 

53.4 

146.5 

100.7 

27.2 

448.9 

Partial   cut 

3.1-3.9 

4.1 

2.0 

1.5 

.8 

0 

0 

8.4 

4.0-4.9 

19.4 

19.1 

15.0 

28.8 

7.9 

0 

90.3 

5.0-5.9 

1.3 

3.1 

2.0 

7.3 

3.1 

.3 

17.1 

6.0-6.9 

7.6 

8.6 

4.6 

18.5 

12.4 

1.3 

52.9 

7.0-7.9 

.2 

1.2 

.8 

2.1 

2.3 

.5 

7.1 

8.0-11.9 

8.4 

8.2 

7.4 

25.5 

15.5 

5.1 

70.2 

12.0-15.9 

1.8 

2.6 

2.3 

9.9 

5.9 

2.5 

25.1 

16.0-19.9 

.8 

1.8 

1.3 

5.8 

3.3 

1.3 

14.3 

20.0-27.9 

.7 

1.3 

1.2 

5.8 

5.1 

1.2 

15.2 

28.0+ 

0 

.5 

1.3 

3.6 

4.0 

2.3 

11.7 

Total 

44.3 

48.5 

37.4 

108.1 

59.5 

14.5 

312.3 

See  footnotes  at  end  of  table. 
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Table  27 — Number  of  pieces  of  logging  residue  per  acre,  by  large-end  diameter 
and  length  classes,  by  stratum-^^  (continued) 


Lengtf 

(feet) 

Large-end 

stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

Interior: 

aCic          -    - 

Public-- 

Clearcut 

3.1-3.9 

7.5 

2.3 

1.1 

0.9 

0.2 

0 

12.0 

4.0-4.9 

30.5 

17.0 

12.0 

18.0 

3.0 

0 

80.6 

5.0-5.9 

2.1 

3.2 

1.1 

6.4 

.9 

0 

13.8 

6.0-6.9 

10.4 

8.0 

6.1 

21.3 

7.7 

.4 

53.8 

7.0-7.9 

.2 

.5 

.4 

2.3 

1.6 

.4 

5.4 

8.0-11.9 

6.6 

6.4 

4.8 

14.8 

11.4 

2.1 

46.3 

12.0-15.9 

2.0 

1.6 

2.9 

6.3 

3.6 

.5 

16.8 

16.0-19.9 

.5 

1.1 

1.3 

2.3 

1.6 

1  .4 

8.2 

20.0-27.9 

.4 

.4 

1.1 

2.5 

2.7 

.5 

7.5 

28.0+ 

0 

0 

0 

.5 

1.8 

1.1. 

3.4 

Total 

60.2 

40.5 

30.5 

75.4 

34.5 

6.4 

247.6 

Partial   cut 

3.1-3.9 

17.0 

5.8 

1.4 

.4 

0 

0 

24.6 

4.0-4.9 

35.1 

24.6 

17.0 

20.7 

3.1 

0 

100.4 

5.0-5.9 

2.1 

2.9 

2.7 

7.8 

2.5 

0 

18.1 

6.0-6.9 

10.1 

6.0 

4.9 

16.2 

5.8 

.4 

43.5 

7.0-7.9 

0 

1.4 

1.8 

2.9 

1.4 

.2 

7.6 

8.0-11.9 

6.2 

7.8 

5.4 

15.0 

6.8 

2.1 

44.5 

12.0-15.9 

2.3 

1.4 

1.8 

5.1 

3.9 

1  .4 

15.8 

16.0-19.9 

1.2 

1.6 

1.4 

2.3 

2.9 

.4 

9.7 

20.0-27.9 

0 

.2 

.4 

2.9 

2.7 

2.7 

9.0 

28.0+ 

.4 

.4 

.2 

1.8 

1.9 

2.7 

7.4 

Total 

74.5 

52.1 

37.8 

75.1 

31.2 

9.9 

280.6 

Private2./ 

3.1-3.9 

13.8 

5.1 

1.2 

.9 

0 

0 

20.9 

4.0-4.9 

27.0 

23.1 

11.5 

21.7 

3.1 

.3 

86.7 

5.0-5.9 

1.3 

3.3 

4.1 

9.7 

2.2 

.1 

20.8 

6.0-6.9 

11.5 

10.2 

9.2 

16.6 

11.9 

.6 

59.9 

7.0-7.9 

.7 

1.2 

1.2 

3.3 

2.8 

.3 

9.9 

8.0-11.9 

7.9 

6.3 

7.3 

19.6 

18.5 

3.9 

63.4 

12.0-15.9 

1.7 

1.7 

2.3 

6.3 

6.3 

2.3 

20.6 

16.0-19.9 

1.5 

.7 

1.3 

3.5 

2.8 

.9 

10.6 

20.0-27.9 

.6 

.7 

1.0 

2.8 

2.5 

2.3 

9.9 

28.0+ 

.1 

.3 

.1 

1.0 

1.9 

1.7 

5.2 

Total 

66.2 

52.6 

39.1 

85.8 

51.8 

12.5 

308.0 

Ponderosa  pinel/ 

3.1-3.9 

11.6 

2.1 

.7 

.2 

.2 

.2 

14.9 

4.0-4.9 

26.2 

15.4 

8.5 

9.3 

1.6 

0 

61.0 

5.0-5.9 

2.8 

1.7 

2.1 

4.8 

1.2 

0 

12.6 

6.0-6.9 

7.8 

5.7 

4.1 

9.7 

5.5 

.2 

33.0 

7.0-7.9 

.2 

.9 

.7 

2.1 

1.6 

.5 

5.9 

8.0-11.9 

7.1 

7.1 

3.5 

14.2 

7.6 

.9 

40.2 

12.0-15.9 

1.4 

2.4 

2.2 

5.9 

3.8 

.9 

16.6 

16.0-19.9 

.7 

.9 

.9 

3.5 

2.1 

2.2 

10.2 

20.0-27.9 

.5 

.5 

.7 

2.4 

2.9 

2.6 

9.7 

28.0+ 

0 

.2 

0 

1.0 

2.2 

2.1 

5.5 

Total 

58.2 

36.8 

23.3 

53.0 

28.7 

9.5 

209.5 

l^Does  not  include  residue  in  large  piles. 

2./sanples  were  selected  from  all    harvest  methods;   the  majority  of  samples  were  from  partial -cut 
areas. 

l^Samples  were  selected  from  all   harvest  methods  and  ownership  classes. 
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Table  28— Number  of  live  pieces  of  logging  residue  per  acre,  by  large-end 
diameter  and  length  classes,  by  stratum^ 


Length 

1   (feet) 

Large-end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

To 

Inches 

Number  of 

pieces  per 

"""""" 

acre       -  - 

_      —      _      _ 

~      ~ 

Coastal: 

Public-- 

Clearcut 

3.1-3.9 

6.8 

4.2 

2.8 

0.8 

0 

0 

1 

4.0-4.9 

16.5 

19.0 

13.8 

21.9 

4.0 

.3 

7 

5.0-5.9 

3.0 

3.0 

2.3 

10.4 

2.8 

.5 

2 

6.0-6.9 

5.3 

5.8 

4.4 

13.1 

9.0 

.3 

3 

7.0-7.9 

0 

.6 

.6 

2.0 

1.9 

0 

8.0-11.9 

3.7 

3.6 

3.3 

11.0 

15.1 

6.1 

4 

12.0-15.9 

1.1 

.9 

.9 

4.0 

2.6 

3.3 

1 

16.0-19.9 

.5 

1.1 

.3 

1.7 

1.9 

1.2 

20.0-27.9 

.3 

.2 

.8 

.6 

.6 

.2 

28.0+ 

.3 

.2 

.5 

.2 

.8 

.3 

Total 

37.5 

33.4 

29.7 

65.8 

38.7 

12.1 

22 

Partial   cut 

3.1-3.9 

4.0 

1.8 

1.0 

1.3 

0 

0 

4.0-4.9 

9.9 

8.7 

8.5 

7.9 

2.3 

.2 

3 

5.0-5.9 

.7 

1.2 

1.2 

5.7 

1.3 

.2 

1 

6.0-6.9 

2.5 

3.3 

3.0 

7.0 

4.3 

.8 

2 

7.0-7.9 

0 

.2 

.2 

1.2 

.5 

.3 

8.0-11.9 

2.5 

1.0 

2.2 

7.0 

4.5 

1.3 

1 

12.0-15.9 

1.3 

.3 

.5 

1.2 

.8 

1.3 

16.0-19.9 

.5 

.5 

.3 

0 

.3 

.5 

20.0-27.9 

.2 

.2 

0 

.3 

0 

0 

28.0+ 

.2 

0 

0 

.2 

.2 

.2 

Total 

21.7 

17.2 

16.9 

31.7 

14.4 

4.8 

10 

Private-- 

Clearcut 

3.1-3.9 

3.9 

2.8 

3.0 

2.1 

.4 

0 

1 

4.0-4.9 

17.0 

18.1 

11.7 

26.1 

9.4 

.7 

a 

5.0-5.9 

1.4 

2.7 

2.7 

13.8 

7.3 

.5 

2 

6.0-6.9 

4.4 

4.8 

7.1 

28.9 

16.8 

2.1 

6 

7.0-7.9 

.2 

1.1 

.7 

4.6 

3.0 

.5 

1 

8.0-11.9 

3.7 

4.6 

5.9 

19.9 

31.0 

10.8 

7 

12.0-15.9 

1.6 

.4 

1.1 

4.3 

6.7 

5.0 

1 

16.0-19.9 

.4 

.9 

.7 

1.6 

2.7 

1.4 

20.0-27.9 

.2 

.5 

.2 

1.1 

1.4 

.9 

28.0+ 

0 

.2 

.2 

.5 

.5 

1.4 

Total 

32.8 

36.0 

33.2 

102.9 

79.3 

23.4 

30 

Partial    cut 

3.1-3.9 

2.3 

.7 

1.1 

.4 

0 

0 

4.0-4.9 

9.5 

11.9 

11.2 

23.8 

6.5 

0 

6 

5.0-5.9 

.4 

1.4 

.5 

5.6 

3.0 

.4 

1 

6.0-6.9 

3.9 

5.1 

2.1 

12.3 

10.2 

1.2 

3 

7.0-7.9 

0 

.7 

.7 

1.6 

2.1 

.5 

8.0-11.9 

3.5 

3.7 

2.8 

16.1 

12.8 

4.9 

4 

12.0-15.9 

1.2 

1.2 

.9 

4.6 

2.8 

1.8 

1 

16.0-19.9 

.2 

0 

0 

2.8 

.9 

.5 

20.0-27.9 

.2 

.2 

.4 

.9 

.9 

.4 

28.0+ 

0 

.2 

.2 

.5 

.4 

.4 

Total 

21.0 

25.0 

19.8 

68.4 

39.4 

10.0 

18 

See  footnotes  at  end  of  table. 
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Table  28 — Number  of  live  pieces  of  logging  residue  per  acre,  by  large-end 
diameter  and  length  classes,  by  stratum^  (continued) 


Length 

(feet) 

Large-end 

stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

ap»*(a            _     _ 

Interior: 

dL.  I  C 

Public- 

Clearcut 

3.1-3.9 

4.0 

0.8 

0.7 

0.8 

0 

0 

6.3 

4.0-4.9 

14.5 

10.9 

8.2 

11.9 

2.5 

0 

48.0 

5.0-5.9 

1.3 

2.0 

.7 

5.6 

.7 

0 

10.2 

6.0-6.9 

4.1 

4.5 

3.8 

14.0 

5.1 

.3 

31.8 

7.0-7.9 

.2 

.3 

.3 

1.6 

1.0 

.3 

3.8 

8.0-11.9 

2.3 

3.0 

1.8 

9.6 

7.8 

1  .2 

25.6 

12.0-15.9 

.7 

.2 

1.3 

1.0 

1.3 

.2 

4.6 

16.0-19.9 

.3 

.5 

.2 

.3 

.3 

.5 

2.1 

20.0-27.9 

.2 

.3 

.3 

.7 

.3 

.3 

2.1 

28.0+ 

0 

0 

0 

0 

.2 

.2 

.3 

Total 

27.5 

22.4 

17.3 

45.5 

19.1 

3.0 

134.9 

Partial   cut 

3.1-3.9 

6.5 

1.6 

.7 

.1 

0 

0 

8.9 

4.0-4.9 

12.1 

11.5 

8.4 

10.9 

1.7 

0 

44.6 

5.0-5.9 

.9 

1.7 

1.7 

4.2 

1  .4 

0 

9.9 

6.0-6.9 

2.7 

2.4 

1.6 

7.5 

3.5 

.1 

17.9 

7.0-7.9 

0 

.7 

_  g 

1.4 

1.0 

0 

4.0 

8.0-11.9 

1.2 

2.4 

^'.7 

5.3 

2.2 

1.0 

13.8 

12.0-15.9 

.9 

.4 

.7 

.7 

1.0 

.6 

4.3 

16.0-19.9 

.6 

.4 

.3 

.4 

.1 

0 

1.9 

20.0-27.9 

0 

0 

.3 

.1 

.1 

.1 

.7 

28.0+ 

.3 

.1 

0 

.1 

.4 

.1 

1.2 

Total 

25.1 

21.5 

16.3 

31.0 

11.5 

2.0 

107.3 

Privatei/ 

3.1-3.9 

6.9 

3.3 

.7 

.4 

0 

0 

11.3 

4.0-4.9 

12.6 

12.7 

7.2 

14.2 

1.5 

.1 

48.3 

5.0-5.9 

.3 

2.2 

2.8 

6.1 

1.8 

.1 

13.3 

6.0-6.9 

3.0 

5.1 

5.2 

9.5 

6.8 

.4 

30.1 

7.0-7.9 

.3 

.6 

1.0 

2.3 

2.1 

.3 

6.5 

8.0-11.9 

3.0 

1.9 

3.0 

11.0 

11.7 

2.8 

33.6 

12.0-15.9 

.6 

.7 

.8 

2.1 

3.2 

1.5 

8.8 

16.0-19.9 

.8 

0 

.6 

.7 

.1 

.7 

2.9 

20.0-27.9 

.4 

.3 

.6 

.3 

.6 

.4 

2.5 

28.0+ 

0 

0 

.1 

0 

.3 

0 

.4 

Total 

27.9 

26.8 

22.0 

46.7 

28.0 

6.4 

157.7 

Ponderosa  pinel/ 

3.1-3.9 

5.0 

1.1 

.6 

.2 

0 

0 

6.8 

4.0-4.9 

8.1 

8.1 

3.6 

3.3 

.9 

0 

23.9 

5.0-5.9 

1.4 

1.1 

1.1 

2.2 

.3 

0 

6.1 

6.0-6.9 

1.2 

1.2 

1.6 

3.7 

3.0 

.2 

10.9 

7.0-7.9 

0 

.3 

.3 

1.4 

1.1 

0 

3.1 

8.0-11.9 

2.6 

2.0 

1.1 

4.5 

4.5 

.2 

14.9 

12.0-15.9 

.3 

.8 

.9 

.9 

.6 

.2 

3.7 

16.0-19.9 

.3 

0 

.5 

.3 

.5 

.3 

1.9 

20.0-27.9 

.5 

.3 

0 

.5 

.2 

0 

1.4 

28.0+ 

0 

.2 

0 

.2 

.2 

.2 

.6 

Total 

19.4 

15.1 

9.6 

17.1 

11.2 

.9 

73.3 

l^Does  not  include  residue  injarge  piles. 

^/ Samples  were  selected  from  all    harvest  methods;   the  majority  of  samples  were  from  partial -cut 
areas. 

A/samples  were  selected  from  all   harvest  methods  and  ownership  classes. 
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Table  29— Number  of  pieces  of  logging  residue  per  acre  for  softwoods,  by 
large-end  diameter  and  length  classes,  by  stratum-!^ 


Length 

1   (feet) 

Large-end 
diameter 

stratum 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

acre        -   - 

—      —      —      _ 

Coastal : 

Public-- 

Clearcut 

3.1-3.9 

16.5 

6.6 

3.9 

1.9 

0.2 

0 

29.1 

4.0-4.9 

40.7 

29.5 

18.6 

27.0 

4.5 

.2 

120.4 

5.0-5.9 

5.6 

4.7 

3.4 

11.6 

3.2 

.4 

28.9 

6.0-6.9 

15.6 

10.5 

7.1 

16.3 

7.9 

0 

57 '.4 

7.0-7.9 

.4 

1.1 

.8 

3.0 

1.5 

.2 

6.9 

8.0-11.9 

11.6 

7.9 

5.3 

17.3 

10.1 

3.0 

55.2 

12.0-15.9 

3.0 

2.1 

3.0 

9.0 

1.7 

.6 

19.3 

16.0-19.9 

2.4 

2.8 

1.5 

6.9 

2.6 

1.3 

17.6 

20.0-27.9 

.9 

1.7 

2.4 

3.2 

2.6 

1.5 

12.4 

28.0+ 

.6 

.4 

.6 

.8 

2.4 

1.1 

5.8 

Total 

97.4 

67.2 

45.5 

97.0 

36. G 

8.3 

353.0 

Partial   cut 

3.1-3.9 

10.7 

3.0 

2.1 

2.1 

0 

0 

17.9 

4.0-4.9 

33.7 

23.7 

16.2 

19.8 

6.2 

.4 

100.0 

5.0-5.9 

2.6 

2.6 

2.1 

8.3 

4.9 

.6 

21.1 

6.0-0.9 

10.7 

9.8 

8.3 

16.4 

9.2 

1.3 

55.6 

7.0-7.9 

.2 

1.1 

.9 

3.0 

1.1 

.2 

6.4 

8.0-11.9 

8.1 

5.1 

4.9 

18.1 

10.9 

3.0 

50.1 

12.0-15.9 

3.2 

1.5 

2.6 

6.2 

5.3 

1.9 

20.7 

16.0-19.9 

1.7 

2.1 

.9 

1.7 

3.2 

1.3 

10.9 

20.0-27.9 

.2 

.6 

.9 

2.3 

1.7 

1.9 

7.7 

28.0+ 

.4 

0 

0 

1.3 

.9 

2.3 

4.9 

Total 

71.4 

49.5 

38.8 

79.3 

43.3 

13.0 

295.3 

Private-- 

Clearcut 

3.1-3.9 

7.2 

3.2 

2.5 

1.9 

.4 

0 

15.2 

4.0-4.9 

18.5 

19.4 

12.0 

20.8 

5.5 

.4 

76.7 

5.0-5.9 

2.3 

2.3 

2.8 

11.0 

4.1 

J, 

22.8 

6.0-6.9 

8.3 

6.5 

7.2 

21.9 

7.8 

r.4 

53.2 

7.0-7.9 

.5 

1.1 

.9 

3.0 

1.9 

.2 

7.6 

8.0-11.9 

6.2 

9.7 

10.8 

18.0 

17.1 

3.4 

65.2 

12.0-15.9 

2.8 

1.6 

2.8 

8.8 

6.4 

1.8 

24.2 

16.0-19.9 

.9 

1.9 

3.0 

4.2 

2.6 

.9 

13.6 

20.0-27.9 

1.1 

2.5 

1.1 

5.5 

4.6 

1.4 

16.1 

28.0+ 

.4 

.2 

.4 

2.5 

3.2 

2.8 

9.5 

Total 

48.2 

48.4 

43.5 

97.9 

53.5 

12.5 

304.0 

Partial   cut 

3.1-3.9 

3.8 

1.8 

1.0 

.7 

0 

0 

7.3 

4.0-4.9 

17.0 

16.6 

11.7 

22.2 

5.9 

0 

73.5 

5.0-5.9 

1.3 

2.6 

1.6 

5.9 

2.3 

0 

13.8 

6.0-5.9 

6.4 

7.1 

3.3 

13.3 

8.2 

.  s 

39.2 

7.0-7.9 

0 

1.0 

.8 

2.1 

1.5 

.2 

5.6 

8.0-11.9 

8.1 

7.6 

5.6 

20.1 

10.4 

2.5 

54.2 

12.0-15.9 

1.8 

2.1 

2.1 

8.6 

4.6 

1.5 

20.8 

15.0-19.9 

.8 

1.6 

1.3 

4.8 

2.3 

1.0 

11.9 

20.0-27.9 

.7 

1.2 

1.2 

5.3 

4.9 

1.2 

14.3 

28.0+ 

0 

.5 

1.2 

3.5 

3.6 

2.3 

11.0 

Total 

39.9 

42.2 

29.3 

86.5 

43.3 

9.4 

251.7 

See   footnotes  at  end  of  table. 
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Table  29 — Number  of  pieces  of  logging  residue  per  acre  for  softwoods,  by 
large-end  diameter  and  length  classes,  by  stratum^  (continued) 


Length   (feet) 

Large-end 

Stratun 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Indies 

Number  of 

pieces  per 

Interior: 

dCi c          ~    ~ 

Public-- 

Clearcut 

3.1-3.9 

6.8 

2.1 

1.1 

0.9 

0.2 

0 

11.1 

4.0-4.9 

29.1 

15.7 

10.2 

16.3 

3.0 

0 

74.3 

5.0-5.9 

1.6 

3.2 

1.1 

6.4 

.9 

0 

13.2 

6.0-6.9 

10.0 

7.3 

6.1 

19.8 

7.5 

.4 

51.1 

7.0-7.9 

.2 

.5 

.4 

2.3 

1.4 

.4 

5.2 

8.0-11.9 

6.3 

6.4 

4.8 

13.8 

11.4 

2.1 

44.0 

12.0-15.9 

2.0 

1.6 

2.9 

5.1 

3.2 

.4 

16.1 

16.0-19.9 

.5 

1.1 

1.3 

2.3 

1.3 

1.1 

7.5 

20.0-27.9 

.4 

.4 

.9 

2.5 

2.3 

.5 

7.0 

20.0+ 

0 

0 

0 

.5 

1.8 

1.1 

3.4 

Total 

56.8 

38.4 

20.6 

70.9 

33.0 

5.9 

233.6 

Partial   cut 

3.1-3.9 

16.6 

5.7 

1.4 

.2 

0 

0 

23.8 

4.0-4.9 

34.9 

24.2 

16.6 

20.3 

3.1 

0 

99.1 

5.0-5.9 

2.1 

2.9 

2.5 

7.6 

2.5 

0 

17.7 

6.0-6.9 

9.9 

6.0 

4.7 

15.4 

5.1 

.4 

41.5 

7.0-7.9 

0 

1.4 

1.6 

2.9 

1.4 

.2 

7.4 

8.0-11.9 

6.2 

7.4 

6.0 

14.4 

6.0 

2.1 

42.3 

12.0-15.9 

2.1 

1.4 

1.8 

5.1 

3.7 

1  .4 

15.4 

16.0-19.9 

1.2 

1.6 

1.4 

2.3 

2.9 

.2 

9.6 

20.0-27.9 

0 

.2 

.4 

2.9 

2.7 

2.7 

9.0 

28.0+ 

.4 

.4 

.2 

1.8 

1.9 

2.7 

7.4 

Total 

73.5 

51.1 

36.5 

72.9 

29.4 

9.7 

273.2 

Private^/ 

3.1-3.9 

13.4 

4.9 

1.0 

.9 

0 

0 

20.2 

4.0-4.9 

26.0 

22.2 

10.5 

20.4 

2.8 

.3 

82.2 

5.0-5.9 

1.2 

3.3 

3.8 

9.7 

2.0 

.1 

20.2 

6.0-6.9 

11.3 

9.5 

8.6 

15.4 

11.2 

.6 

56.6 

7.0-7.9 

.7 

1.2 

1.2 

3.0 

2.8 

.3 

9.9 

8.0-11.9 

7.7 

6.3 

7.1 

10.8 

17.0 

2.6 

59.5 

12.0-15.9 

1.6 

1.6 

2.2 

6.0 

5.1 

1.7 

18.2 

16.0-19.9 

1.5 

.7 

1.3 

3.5 

2.6 

.6 

10.2 

20.0-27.9 

.6 

.7 

1.0 

2.8 

2.2 

2.2 

9.5 

28.0+ 

.1 

.3 

.1 

1.0 

1.9 

1.7 

5.2 

Total 

54.1 

50.8 

36.8 

32.2 

47.6 

10.2 

291.6 

Ponderosa  pinel' 

3.1-3.9 

11.6 

2.1 

.7 

.2 

.2 

.2 

14.9 

4.0-4.9 

26.2 

15.2 

8.5 

9.2 

1.6 

0 

60.6 

5.0-5.9 

2.8 

1.7 

2.1 

4.7 

1.2 

0 

12.4 

6.0-6.9 

7.8 

5.5 

4.1 

9.7 

5.5 

.2 

32.8 

7.0-7.9 

.2 

.9 

.7 

2.1 

1.6 

.5 

5.9 

8.0-11.9 

7.1 

7.1 

3.5 

14.2 

7.6 

.9 

40.2 

12.0-15.9 

1.4 

2.4 

2.2 

5.9 

3.8 

.9 

16.6 

16.0-19.9 

.7 

.9 

.9 

3.5 

2.1 

2.2 

10.2 

20.0-27.9 

.5 

.5 

.7 

2.4 

2.9 

2.6 

9.7 

28.0+ 

0 

.2 

0 

1.0 

2.2 

2.1 

5.5 

Total 

58.2 

36.4 

23.3 

52.7 

28.7 

9.5 

208.8 

i/ooes  not  include  residue   in  large  piles. 

^./samples  were  selected  from  all    harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

l^Samples  were  selected  from  all    harvest  methods  and  ownership  classes. 
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Table  30 — Number  of  live  pieces  of  logging  residue  per  acre  for  softwoods,  by 
large-end  diameter  and  length  classes,  by  stratum-^ 


LengtI- 

(feet) 

Large-end 

stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Tot 

Inches 

Number  of 

pieces  per 

Coastal: 

acre       -   - 

Public-- 

Clearcut 

3.1-3.9 

6.1 

3.3 

2.3 

0.8 

0 

0 

12 

4.0-4.9 

15.9 

16.8 

12.0 

18.0 

3.0 

.2 

65 

5.0-5.9 

2.8 

2.3 

1.9 

7.6 

2.3 

.3 

17 

6.0-6.9 

4.8 

4.7 

3.7 

9.2 

5.4 

0 

27 

7.0-7.9 

0 

.6 

.6 

2.0 

1.1 

0 

4 

8.0-11.9 

3.4 

3.3 

2.8 

7.3 

6.7 

1.9 

25 

12.0-15.9 

.8 

.9 

.9 

3.0 

.3 

.3 

6 

16.0-19.9 

.5 

1.1 

.3 

1.4 

.8 

.3 

4 

20.0-27.9 

.3 

.2 

.8 

.6 

.5 

0 

2 

28.0+ 

.3 

.2 

.5 

.2 

.8 

0 

1 

Total 

34.8 

33.3 

25.8 

50.1 

20.8 

3.0 

167 

Partial   cut 

3.1-3.9 

3.5 

1.7 

1.0 

1.2 

0 

0 

7 

4.0-4.9 

9.0 

7.7 

7.4 

6.9 

1.0 

.2 

32 

5.0-5.9 

.7 

1.0 

1.0 

4.7 

1.2 

.2 

8 

6.0-6.9 

2.3 

3.2 

2.8 

5.7 

4.2 

.5 

18 

7.0-7.9 

0 

.2 

.2 

.8 

.3 

.2 

1 

8.0-11.9 

2.3 

.8 

1.7 

5.5 

3.3 

.8 

14 

12.0-15.9 

1.2 

.3 

.5 

.8 

.3 

1.0 

4 

16.0-19.9 

.5 

.5 

.3 

0 

.3 

.5 

2 

20.0-27.9 

.2 

0 

0 

.3 

0 

0 

28.0+ 

.2 

0 

0 

.2 

.2 

.2 

Total 

19.9 

15.4 

14.9 

26.1 

11.7 

3.5 

91 

Private — 

Clearcut 

3.1-3.9 

3.4 

2.3 

2.0 

1.6 

0 

0 

9 

4.0-4.9 

11.5 

12.9 

8.3 

15.4 

4.4 

.2 

52 

5.0-5.9 

1.2 

1.4 

2.0 

9.6 

3.5 

.4 

18 

6.0-6.9 

3.7 

3.5 

6.0 

15.8 

6.7 

1.2 

37 

7.0-7.9 

.2 

.9 

.5 

2.8 

1.8 

.2 

6 

8.0-11.9 

2.8 

3.7 

5.0 

10.6 

13.1 

3.2 

38 

12.0-15.9 

1.4 

.4 

1.1 

3.0 

2.7 

1.1 

9 

16.0-19.9 

.4 

.9 

.5 

1.4 

1.1 

.7 

5 

20.0-27.9 

.2 

.4 

.2 

.9 

1.2 

.7 

3 

28.0+ 

0 

.2 

.2 

.5 

.5 

1.4 

2 

Total 

24.8 

26.6 

25.7 

61.7 

35.1 

9.0 

183 

Partial   cut 

3.1-3.9 

2.1 

.7 

.7 

.2 

0 

0 

3 

4.0-4.9 

8.2 

10.0 

8.4 

17.5 

4.6 

0 

48 

5.0-5.9 

.4 

1.2 

.5 

4.6 

2.1 

0 

8 

6.0-6.9 

3.2 

4.4 

1.1 

7.7 

6.8 

.9 

24 

7.0-7.9 

0 

.5 

.7 

1.6 

1.2 

_2 

4 

8.0-11.9 

3.3 

3.2 

1.6 

11.4 

8.4 

2!^ 

29 

12.0-15.9 

1.2 

.9 

.9 

3.5 

2.1 

.9 

9 

16.0-19.9 

.2 

0 

0 

2.1 

.4 

.2 

2 

20.0-27.9 

.2 

.2 

.4 

.7 

.9 

.4 

2 

28.0+ 

0 

.2 

0 

.5 

.4 

.4 

1 

Total 

18.7 

21.2 

14.2 

49.7 

26.8 

4.9 

135 

See  footnotes  at  end  of  table. 
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Table  30 — Number  of  live  pieces  of  logging  residue  per  acre  for  softwoods,  by 
large-end  diameter  and  length  classes,  by  stratum^  (continued) 


Lengtf 

(feet) 

Large-end 

stratum 

diameter 

1.0-3.9 

4.0-5.9 

6.0-7.9 

8.0-15.9 

16.0-31.9 

32.0+ 

Total 

Inches 

Number  of 

pieces  per 

Interior: 

dcrc       -  - 

Public-- 

Clearcut 

3.1-3.9 

3.6 

0.7 

0.7 

0.8 

0 

0 

5.8 

4.0-4.9 

14.2 

10.2 

6.8 

11.2 

2.5 

0 

44.9 

5.0-5.9 

1.0 

2.0 

.7 

5.6 

.7 

0 

9.9 

6.0-6.9 

4.0 

4.3 

3.8 

13.7 

4.9 

.3 

31.0 

7.0-7.9 

.2 

.3 

.3 

1.6 

.8 

.3 

3.6 

8.0-11.9 

2.3 

3.0 

1.8 

9.1 

7.8 

1.2 

25.1 

12.0-15.9 

.7 

.2 

1.3 

1.0 

1.0 

0 

4.1 

16.0-19.9 

.3 

.5 

.2 

.3 

.2 

.2 

1.6 

20.0-27.9 

.2 

.3 

.2 

.7 

0 

.3 

1.6 

28.0+ 

0 

0 

0 

0 

.2 

.2 

.3 

Total 

26.4 

21.4 

15.7 

44.0 

18.0 

2.5 

128.0 

Partial   cut 

3.1-3.9 

6.2 

1.6 

.7 

0 

0 

0 

8.5 

4.0-4.9 

12.0 

11.5 

8.2 

10.7 

1.7 

0 

44.1 

5.0-5.9 

.9 

1.7 

1.6 

4.0 

1.4 

0 

9.6 

6.0-6.9 

2.7 

2.4 

1.4 

7.3 

2.9 

.1 

17.0 

7.0-7.9 

0 

.7 

.9 

1.4 

1.0 

0 

4.0 

8.0-11.9 

1.2 

2.4 

1.7 

5.0 

1.9 

1.0 

13.2 

12.0-15.9 

.9 

.4 

.7 

.7 

1.0 

.6 

4.3 

16.0-19.9 

.6 

.4 

.3 

.4 

.1 

0 

1.9 

20.0-27.9 

0 

0 

.3 

.1 

.1 

.1 

.7 

28.0+ 

.3 

.1 

0 

.1 

.4 

.1 

1.2 

Total 

24.6 

21.5 

15.8 

30.0 

10.7 

2.0 

104.5 

Private^/ 

3.1-3.9 

6.8 

3.2 

.6 

.4 

0 

0 

10.9 

4.0-4.9 

12.2 

12.3 

6.6 

13.1 

1.2 

.1 

45.6 

5.0-5.9 

.3 

2.2 

2.6 

6.1 

1.7 

.1 

13.0 

6.0-6.9 

3.0 

4.8 

5.0 

8.8 

6.2 

.4 

20.3 

7.0-7.9 

.3 

.6 

1.0 

2.3 

2.1 

.3 

6.5 

8.0-11.9 

2.9 

1.9 

3.0 

10.5 

10.6 

1.5 

30.5 

12.0-15.9 

.6 

.7 

.8 

2.1 

2.5 

1.0 

7.6 

16.0-19.9 

.8 

0 

.6 

.7 

.1 

.4 

2.6 

20.0-27.9 

.4 

.3 

.6 

.3 

.4 

.4 

2.3 

28.0+ 

0 

0 

.1 

0 

.3 

0 

.4 

Total 

27.2 

26.0 

20.8 

44.3 

25.1 

4.3 

147.7 

Ponderosa  pineA^ 

3.1-3.9 

5.0 

1.1 

.6 

.2 

0 

0 

6.8 

4.0-4.9 

8.1 

8.1 

3.6 

3.3 

.9 

0 

23.9 

5.0-5.9 

1.4 

1.1 

1.1 

2.2 

.3 

0 

6.1 

6.0-6.9 

1.2 

1.2 

1.6 

3.7 

3.0 

.2 

10.9 

7.0-7.9 

0 

.3 

.3 

1.4 

1.1 

0 

3.1 

8.0-11.9 

2.6 

2.0 

1.1 

4.5 

4.5 

.2 

14.9 

12.0-15.9 

.3 

.8 

.9 

.9 

.6 

.2 

3.7 

16.0-19.9 

.3 

0 

.5 

.3 

.5 

.3 

1.9 

20.0-27.9 

.5 

.3 

0 

.5 

.2 

0 

1.4 

28.0+ 

0 

.2 

0 

.2 

.2 

.2 

.6 

Total 

19.4 

15.1 

9.6 

17.1 

11.2 

.9 

73.3 

l/ooes  not  include  residue  in  large  piles. 

.2/ Samples  were  selected  from  all  harvest  methods;  the  majority  of  samples  were  from  partial -cut 
areas. 

A/samples  were  selected  from  all  harvest  methods  and  ownership  classes. 
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Table  31— Average  net  volume  (wood  and  bark)  of  logging  residue,  per  thousand 
board  feet  of  timber  harvest;  by  area,  owner  class,  and  harvest  method;  in  Idaho, 
Montana,  Oregon,  and  Washington 


Area  and 
owner  class 


Harvest  method 


Clearcut 


Partial  cut 


Idaho: 
National  Forest 
Other  public 
Private 

Western  Oregon: 
National  Forest 
Other  public 
Private 

Western  Washington 
National  Forest 
Other  public 
Private 

Eastern  Oregon 
Public 
Private 

Eastern  Washington 
Public 
Private 

Montana: 
Public 
Private 
Lodgepole  pine 


Cubic  feet  per  thousand  board  feet 
87 


47 
52 
40 


51 
37 


95 


122 

1/142 
T/109 

2/136 

93 

296 

2/135 
118 
140 

V76 
1/80 


1/96 
1/72 


103 
3/137 
T/107 


--  =  not  applicable. 

l/samples  selected  randomly  from  all  areas  harvested  since  January  1, 
1979;  a  large  majority  of  samples  were  from  partial -cut  areas,  the 
predominant  practice  in  this  stratum. 

^/jhis  figure  represents  an  average  of  cutover  areas  in  western  Oregon 
and  western  Washington;  these  stratum  were  combined  because  of  an 
inadequate  sample  population  in  western  Washington. 

l^Samples  selected  randomly  from  all  areas  harvested  since  January  1, 
1981;  a  large  majority  of  samples  were  from  partial-cut  areas,  the 
predominant  practice  in  this  stratum. 

1/samples  selected  randomly  from  all  areas  harvested  since  January  1, 
1981;  samples  were  chosen  from  all  harvest  methods  and  ownership  classes 

Sources:  Howard  1981a,  1984. 
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Table  32 — Average  net  per-acre  volume  (wood  and  bark)  of  logging  residue;  by 
area,  owner  class,  and  harvest  method;  in  Idaho,  Montana,  Oregon,  and 
Washington 

Harvest  method 


Area  and 

owner  class  Clearcut  Partial  cut 

Cubic  feet  per  acre 

Idaho: 

National    Forest  2,182  1,701 

Other  public                                                 —  1_/1 ,182 

Private                                                         --  1/824 

Western  Oregon: 

National    Forest  2,471  2^/1,408 

Other  public  2,642  1 ,184 

Private  2,070  1,537 

Western  Washington 

National  Forest  2,497  2/1,488 

Other  public  2,110  395 

Private  1  ,331  992 

Eastern  Oregon 

Public                       —  1/553 

Private                      —  1/534 

Eastern  Washington 

Public                       --  1/670 

Private                      —  1/394 

Montana: 

Public  1,594  1,100 

Private                                                         —  3/994 

Lodgepole  pine                                             --  4/1,321 


--  =  not  applicable. 

1/samples  selected  randomly  from  all   areas  harvested  since  January  1, 
1979;  a  large  majority  of  samples  were  from  partial -cut  areas,   the 
predominant  practice  in  this  stratum. 

^./jhis  figure  represents  an  average  of  cutover  areas  in  western  Oregon 
and  western  Washington;   these  stratum  were  combined  because  of  an 
inadequate  sample  population  in  western  Washington. 

A/samples  selected  randomly  from  all   areas  harvested  since  January  1, 
1981;  a  large  majority  of  samples  were  from  partial-cut  areas,   the 
predominant  practice  in  this  stratum. 

1/samples  selected  randomly  from  all    areas  harvested  since  January  1, 
1981;   samples  were  chosen  from  all    harvest  methods  and  ownership  classes, 

Sources:     Howard  1981a,   1984. 
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Glossary  Clearcut:  A  harvest  method  in  which  all,  or  nearly  all,  trees  in  a  stand  of  timber  are  cut 

in  one  operation. 

Cutover  area:  Synonymous  with  sample  unit  or  sample  area;  the  area  encompassit 
a  single  harvest  operation  (for  example;  a  clearcut). 

Diameter 

Intersection:  Diameter  of  residue  pieces  measured  inside  the  bark  (i.b.)  at  the  poin 
residue  intersects  a  line  transect. 

Small-end:  Diameter  measured  inside  the  bark  (i.b.)  at  the  smallest  end  of  a  piec 
of  residue,  to  a  3.0  inch  minimum. 

Large-end:  Diameter  measured  inside  the  bark  (i.b.)  at  the  largest  end  of  a  piece  o1 
residue,  no  minimum  or  maximum. 

Harvest  volume:  Net  scaled  volume  of  timber  removed  from  a  cutover  area  during 
harvesting,  expressed  in  thousand  board  feet  (Scribner  log  scale)  per  acre  (MBF/AC 

Line  transect:  A  vertical  sampling  plane,  with  no  width,  along  which  all  intersecting 
residue  pieces  are  measured. 

Logging  residue 

General:  All  down  and  dead  woody  material  existing  on  an  area  after  timber  harves 
is  completed. 

Specific:  All  logging  residue  (as  defined  above)  3.01  inches  and  larger  in  diamet 
inside  bark  (d.i.b.)  and  1 .0  foot  and  longer  in  length,  including  limbs,  slabs,  and  splintei 

MBF:  1 ,000  board  feet  of  logs,  a  measure  of  the  volume  of  timber  harvested. 

Owner  class 

Private:  Lands  owned  by  private  individuals,  forest  industries,  or  other  corporationf 
Public:  Lands  owned  by  the  public  or  managed  by  a  public  agency. 
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Partial  cut:  A  harvest  method  in  which  portions  of  a  stand  of  timber  are  cut  during  a 
number  of  entnes  over  time;  precommercial  thinnings  are  not  included. 

Residue  volume 

Gross:  Volume  of  a  piece  of  residue  measured  only  by  its  external  dimensions; 
includes  rot,  cracks,  and  missing  parts. 

Net:  The  usable  portion  of  a  piece  of  residue;  for  this  report  usability  is  based  on 
physical  chippability  of  the  material. 

Chippability:  Condition  of  residue  that  is  sound  enough  to  be  physically  handled  and 
is  capable  of  producing  usable  chips;  includes  residue  exhibiting  early  stages  of  wet  or 
dry  rot. 

Live:  Residue  from  trees  that  were  alive  before  they  were  cut  or  were  knocked  down 
during  harvest. 

Dead:  Residue  from  trees  or  portions  of  trees  that  were  dead  before  harvest. 

Cull:  Residue  from  trees  that  were  cull  (less  than  25  percent  sound)  at  the  time  of 
harvest. 

Stratum:  A  category  of  timber  harvest  area  defined  for  this  study  by  ownership  class, 
harvest  method,  and  forest  type. 

Supply  zone:  A  uniquely  defined  area  containing  timber  determined  to  be  potentially 
available  for  a  processing  facility. 

YUM  (or  PUM):  Terms  used  by  the  USDA  Forest  Service  for  large  piles  of  residue  that 
have  been  yarded  or  bulldozed  to  a  common  location:  if  the  residue  has  been  piled  with 
some  degree  of  uniformity  it  is  referred  to  as  a  PUM  (piled  unmerchantable  matehal); 
otherwise,  the  term  YUM  (yarded  unmerchantable  material)  is  used. 
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Howard,  James  O.;  Eulgrin,  Julianne  K.  Estimators  and  characteristics 
of  logging  residue  in  California.  Res.  Pap.  PNW-355.  Portland,  OR:  U.S. 
Department  of  Agriculture,  Forest  Service,  Pacific  Northwest  Research 
Station;  1986. 81  p. 

Ratios  are  presented  for  estimating  volume  and  characteristics  of  logging 
residue  in  California.  The  ratios  relate  cubic-foot  volume  of  residue  to 
thousand  board  feet  of  timber  harvested  and  to  acres  harvested.  Tables 
show  gross  and  net  volume  of  residue,  with  and  without  bark,  by  diameter 
and  length  classes,  by  number  of  pieces  per  acre,  by  softwoods  and 
hardwoods,  by  percent  soundness,  and  by  degree  of  slope  and  distance  to 
roads. 

Keywords:  Slash,  residue  management,  residue  estimation,  California. 
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Levels-of-growing-stock  study  treatment  schedule, 
showing  percent  of  gross  basal  area  increment  of 
control  plot  to  be  retained  in  growing  stock 


Treatment 


Thinning 


Percent 

First  10      10      30      30      50  50  70  70 

Second  10     20     30     40     50  40  70  60 

Third  10      30      30      50      50  30  70  50 

Fourth  10      40      30      60      50  20  70  40 

Fifth  10      50      30      70      50  10  70  30 


Background 


Public  and  private  agencies  are  cooperating  in  a  study  of  eight  thinning  regimes  in  young 
Douglas-fir  stands.  Regimes  differ  in  the  amount  of  basal  area  allowed  to  accrue  in 
growing  stock  at  each  successive  thinning.  All  regimes  start  with  a  common  level-of- 
growing-stock  established  by  a  conditioning  thinning. 

Thinning  interval  is  controlled  by  height  growth  of  crop  trees,  and  a  single  type  of 
thinning  is  prescribed. 

Nine  study  areas,  each  involving  three  completely  random  replications  of  each  thinning 
regime  and  an  unthinned  control,  have  been  established  in  western  Oregon  and 
Washington,  U.S.A.,  and  on  Vancouver  Island,  British  Columbia,  Canada.  Site  quality  of 
these  areas  varies  from  I  through  iV. 

This  is  a  progress  report  on  this  cooperative  study. 
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Abstract 


Summary 


Curtis,  Robert  O.;  Marshall,  David  D.  Levels-of-growing-stock  cooperative  study  in 
Douglas-fir:  Report  No.  8 — The  LOGS  study:  twenty-year  results.  Res.  Pap. 
PNW-356.  Portland,  OR:  U.S.  Department  of  Agriculture,  Forest  Service,  Pacific 
Northwest  Research  Station;  1986.  113  p. 

This  progress  report  reviews  the  history  and  status  of  the  cooperative  levels-of-growing- 
stock  study  in  coast  Douglas-fir,  begun  in  1961,  in  Oregon,  Washington,  and  British 
Columbia.  It  presents  new  analyses,  including  comparisons  among  some  installations. 
Data  now  available  are  primarily  from  the  site  II  installations,  which  are  approaching 
completion  of  the  study.  Growth  is  strongly  related  to  growing  stock.  Thinning  treatments 
have  produced  marked  differences  in  volume  distribution  by  tree  sizes.  During  the  fourth 
treatment  period,  current  annual  increment  was  still  about  double  the  mean  annual 
increment,  and  differences  in  volumes  and  size  distributions  among  treatments  have 
been  increasing  rapidly.  There  are  considerable  differences  in  productivity  among 
installations,  beyond  those  accounted  for  by  site  index  differences.  The  LOGS  study 
design  is  evaluated. 

Keywords:  Thinnings,  (-stand  volume,  growing  stock,  (-increment/yield,  Douglas-fir, 
Pseudotsuga  menziesii,  series— Douglas-fir  LOGS. 

This  is  a  progress  report  on  the  cooperative  levels-of-growing-stock  (LOGS)  study  in 
coast  Douglas-fir,  begun  in  1961,  in  Oregon,  Washington,  and  British  Columbia.  The 
program  objective  is  to  determine  the  relationships  of  volume  growth,  basal  area  growth, 
and  diameter  growth  to  growing  stock  levels,  for  a  standard  set  of  eight  thinning  regimes, 
begun  in  stands  20-40  feet  tall  and  continued  through  60  feet  of  height  growth. 

Nine  installations  were  established.  None  had  completed  the  planned  course  of  the 
experiment  as  of  1 983,  although  four  installations  were  close  to  completion.  This  report 
deschbes  the  program  and  presents  intenm  results  based  on  the  data  now  available, 
which  are  primarily  from  the  site  II  installations.  Principal  findings  are: 

1 .  Observed  height  growth  agrees  well  with  King's  (1966)  height  growth  curves. 

2.  For  the  LOGS  thinning  regimes,  growth  in  both  volume  and  basal  area  has  increased 
with  the  level  of  growing  stock.  Slope  of  the  curves  is  much  steeper  for  volume  growth 
than  for  basal  area  growth;  for  basal  area  growth,  curves  are  relatively  flat  over  a  range 
of  moderate  to  high  densities.  This  difference  is  attributed  to  the  rapid  and  sustained 
height  growth  which  is  characteristic  of  young  Douglas-fir  on  good  sites. 

3.  Curves  of  volume  increment  over  relative  density  (RD)  (Curtis  1982)  appear  to  be 
approximately  proportional,  within  and  between  installations.  The  same  appears  true  of 
the  corresponding  curves  for  basal  area  and  for  diameter  growth. 

4.  Generalized  curves  are  derived  that  express  relationships  of  relative  growth  rates  in 
volume,  basal  area,  and  diameter  to  RD. 


5.  So  far,  controls  exceed  all  thinning  treatments  in  gross  volume  production.  Thinned 
stands,  however,  have  (except  in  one  poorly  responding  installation)  produced  much 
more  volume  in  merchantable  sizes  and  much  larger  diameters.  Diameter  growth  of  crop 
trees  and  of  the  40  largest  trees  per  acre  has  also  been  substantially  greater  in  thinned 
stands.  Trends  in  net  growth  indicate  that  this  advantage  will  be  maintained  and  will 
probably  increase  over  time. 


6.  This  report  emphasizes  comparisons  among  the  fixed  percentage  treatments.  Until 
the  planned  end  of  the  experiment  is  reached,  only  limited  conclusions  can  be  drawn 
concerning  the  results  of  the  variable  percentage  treatments. 

7.  There  are  unexplained  differences  in  volume  production  and  response  to  thinning 
among  installations.  Of  five  site  II  installations,  three  are  behaving  similarly;  one  has 
markedly  lower  production  and  response  to  thinning;  and  one  (which  has  a  large  hemlock 
component  and  was  older  at  the  start  of  thinning)  is  intermediate. 

8.  As  of  the  fourth  treatment  period  (age  range  32-42  in  the  site  II  installations),  current 
annual  volume  increment  was  about  twice  mean  annual  increment.  Stands  were  far  short 
of  culmination  of  mean  annual  increment.  Rotations  considerably  longer  than  the  ages  in 
the  LOGS  studies  will  be  required  to  realize  the  full  gains  attainable  from  thinning. 

9.  The  LOGS  study  is  not  a  comparison  of  operational  thinning  regimes,  but  was 
designed  to  establish  relationships  between  growth  and  growing  stock.  The  most 
effective  means  of  applying  LOGS  study  results  will  probably  be  their  use,  in  combination 
with  other  data,  in  construction  and  refinement  of  stand  simulators.  The  LOGS  study 
provides  a  unique  set  of  high-quality  data  from  young  stands  maintained  at  relatively  low 
densities,  a  condition  for  which  very  little  other  data  are  presently  available. 

10.  Although  the  short  thinning  cycle  used  in  the  LOGS  studies  is  not  realistic  for 
management  application,  similar  results  would  probably  be  obtained  with  considerably 
longer  cycles  and  analogous  regimes  that  have  similar  trends  of  period  mean  growing 
stock  over  height. 

1 1 .  LOGS  results  appear  generally  consistent  with  past  stand  management  recommen- 
dations that  were  based  on  other  data.  These  recommendations  provide  for  low  density 
and  rapid  growth  in  diameter  during  early  development  when  volume  growth  is  of  little 
concern.  Once  trees  reach  merchantable  size  and  volume  growth  becomes  important, 
higher  density  is  needed  to  provide  high  volume  growth  per  acre.  The  relationships 
between  growth  and  growing  stock  established  by  the  LOGS  study  provide  guides  for 
choosing  density  levels  appropriate  for  young  stands  that  had  early  control  of  stocking. 

12.  Further  thinnings,  beyond  those  originally  planned,  are  not  feasible  because  of  the 
limitations  due  to  small  plot  size.  The  originally  planned  thinnings  will  have  a  strong  and 
continuing  effect  on  later  stand  development.  After  completion  of  the  60  feet  of  height 
growth  specified  in  the  study  plan,  these  installations  should  be  retained  without  further 
treatment  and  should  be  remeasured  for  a  minimum  of  two  additional  growth  periods 
(20  feet  of  additional  height  growth). 

1 3.  Strengths  and  weaknesses  of  the  LOGS  study  design  are  discussed  and  suggestions 
are  made  for  design  of  future  studies. 
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foduction  in  1 962,  representatives  of  State,  Federal,  and  industrial  forestry  organizations  began  a 

cooperative  effort  to  determine  hiow  the  amount  of  growing  stock  retained  in  repeatedly 
thinned  young  stands  of  Douglas-fir  (Pseudotsuga  menziesli  (Mirb.)  Franco)  affects 
cumulative  wood  production,  tree  size,  and  ratios  of  growth  to  growing  stock.  A  study 
plan  was  adopted  that  was  designed  to  examine  cumulative  wood  production,  tree  size 
development,  and  growth-to-growing  stock  ratios  under  eight  different  thinning 
regimes.^  The  original  study  plan  was  developed  at  Weyerhaeuser  Company,  Cen- 
tralia,  Washington.  Procedural  details  to  ensure  consistency  among  cooperators  were 
developed  by  the  Pacific  Northwest  Research  Station,  USDA  Forest  Service, 
Portland,  Oregon. 

Nine  field  installations  have  since  been  established  in  Oregon,  Washington,  and  British 
Columbia  (fig.1 ;  also  see  appendix  2).  A  coordinating  committee  including  representa- 
tives of  all  cooperators  meets  periodically  to  review  progress,  standardize  procedures 
among  cooperators,  and  arrange  for  analyses  and  for  publication  of  results. 

Brief  descriptions  of  the  levels-of-growing-stock  (LOGS)  program  and  of  individual 
installations  are  given  by  Williamson  and  Staebler  (1965,  1971).  Subsequent  progress 
reports  for  individual  installations  are  by  Bell  and  Berg  (1 972),  Diggle  (1 972),  Williamson 
(1976),  Berg  and  Bell  (1979),  Arnott  and  Beddows  (1981) ,  Tappeinerand  others  (1982), 
and  Williamson  and  Curtis  (1984).  These  progress  reports  are  primarily  summaries  for 
individual  installations  with  only  limited  interpretation,  and  (except  for  Williamson  and 
Curtis  1984)  no  attempt  was  made  to  compare  results  among  different  installations. 

In  1982  the  LOGS  committee  reviewed  the  status  of  the  program  and  decided  a  report 
was  needed  that  would  summarize  progress  to  date,  examine  consistency  of  results 
among  installations,  make  some  general  interpretations,  and  draw  conclusions  from 
those  studies  that  are  well  along  in  the  planned  course  of  the  experiments. 

This  report  is  a  joint  effort  by  the  cooperators  and  provides  (1)  a  general  description  of 
the  LOGS  program,  (2)  some  comparisons  of  results  across  installations,  and  (3)  some 
generalizations  and  discussion  of  implications.  Comparisons  are  necessarily  incom- 
plete, both  because  these  studies  have  not  yet  run  their  full  course  and  because  all 
analyses  of  interest  cannot  be  included  in  a  single  report.  Reports  on  individual 
installations  will  continue  to  appear  and  will  provide  much  more  detail  than  is  possible 
here. 


-^  Unpublished  study  plan,  1 962,  "Plan  for  a  Level-of-Growing  Stock 
Study  in  Douglas-Fir,"  by  George  R.  Staebler  and  Richard  L 
Williamson.  Plan  on  file  at  Forestry  Sciences  Laboratory,  3625-93d 
Avenue,  S.W.,  Olympia,  WA  98502. 
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Figure  1 . — Locations  of  levels-of- 
growing-stock  study  installations. 


e  LOGS  Studies         Objective. — Theobjectiveof  the  LOGS  studies  as  stated  in  the  original  study  plan  (see 
leral  Description  footnote  1 )  was  "to  determine  how  the  amount  of  growing  stock  retained  in  repeatedly 

thinning  stands  of  Douglas-fir  affects  cumulative  wood  production,  tree  size,  and 

growth-growing  stock  ratios." 

It  was  expected  that  the  thinnings  would  (1 )  redistribute  increment  by  increasing  volume 
growth  of  remaining  trees,  and  (2)  eliminate  or  greatly  reduce  mortality  so  that  the 
volume  normally  dying  in  untended  stands  would  be  converted  to  usable  production.  It 
was  thought  that  the  planned  treatments  included  a  broad  enough  range  in  growing 
stock  levels  "so  that  the  findings  will  tell  how  to  produce  any  combination  of  factors 
deemed  optimum  from  a  management  standpoint"  (see  footnote  1). 

Background. — The  origin  of  the  LOGS  program  and  certain  features  of  the  study  plan 
go  back  to  concepts  advanced  by  George  Staebler  in  the  late  1950's.  Staebler  (1959) 
emphasized  the  importance  of  growing  stock  level  in  determining  growth  percent  and 
return  on  capital,  the  financial  undesirability  of  maintaining  unnecessarily  large  growing 
stock,  and  the  need  to  establish  acceptable  levels  of  growing  stock  through  definition  of 
the  relationship  between  growth  and  growing  stock  in  Langsaeter's  zone  II.  This  is  the 
transition  zone  between  free  growth  and  a  zone  in  which  growth  is  commonly  thought 
to  be  independent  of  growing  stock  level  (Braathe  1957,  p.  49). 

Staebler  (1960)  developed  a  method  for  calculating  thinning  schedules  and  managed 
stand  yields  for  Douglas-fir  based  on  (1)  estimated  gross  yield  of  natural  stands 
(Staebler  1954,  1955),  (2)  assumed  diameter  growth  rates,  and  (3)  some  assumptions 
about  relationships  between  growth  and  growing  stock.  These  assumptions  are: 

1 .  Gross  cubic  volume  yield  of  a  normal  (fully  stocked),  unmanaged  stand  represents 
the  maximum  production  of  which  the  site  is  capable. 

2.  Periodic  gross  increment  for  any  age  period  in  the  life  of  a  normal  stand  represents 
full  capacity  of  the  site  to  produce  wood  in  a  stand  of  the  chosen  age. 

3.  Approximately  full  increment  may  be  produced  with  widely  differing  combinations  of 
growing  stock,  tree  size,  and  radial  increment. 

Staebler  presented  his  method  as  an  interim  procedure  for  constructing  thinning 
schedules  and  yield  tables.  He  recognized  a  need  to  examine  the  assumption  that  gross 
increment  observed  in  unmanaged  stands  of  normal  density  approximates  increment  of 
thinned  stands  having  widely  varying  amounts  of  growing  stock.  In  1959  Staebler 
established  a  thinning  trial  (Oliver  and  Murray  1983)  as  a  first  attempt  to  test  his 
concepts  and  assumptions.  Experience  with  establishment  of  this  study  led  to  later 
development  of  the  LOGS  study  plan. 

Staebler's  original  concepts  and  questions  are  reflected  in  a  number  of  features  of  the 
LOGS  studies.  These  studies  were  not  designed  as  tests  of  specific  operational  thinning 
regimes,  but  were  intended  to  define  the  quantitative  relationships  between  growth  and 
growing  stock  for  a  closely  controlled  initial  stand  condition  and  kind  of  thinning. 


General  features  of  the  LOGS  study  plan. — 

Criteria  for  initial  stand  selection. — The  initial  stand  should: 

1 .  Have  a  high  degree  of  uniformity  in  stocking  and  site  quality  over  an  area  sufficient 
to  accommodate  the  installation  (about  9  acres). 

2.  Be  in  the  range  of  20-40  feet  in  height.-^ 

3.  Be  vigorous  and  of  a  density  such  that  individual  tree  development  has  not  been 
strongly  influenced  by  competition,  as  evidenced  by  live  crown  extending  over  most  ol 
the  bole. 

4.  Contain  sufficient  Douglas-fir  to  constitute  80  percent  or  more  of  the  basal  area  after 
the  initial  thinning.^ 

Experimental  design. — Each  installation  consists  of  27  one-fifth-acre  plots  (square 
except  in  the  Francis  study),  with  three  replications  of  eight  thinnings  treatments  plus 
three  untreated  control  plots,  in  a  completely  randomized  arrangement.  No  buffer  strips 
were  planned.^ 

Each  installation  is  a  repeated-measures  experiment  that  can  be  viewed  as  equivalent 
to  a  completely  random  split  plot  experiment  in  which  each  thinning  interval  (period)  is 
treated  as  a  subplot.  The  mean  of  a  variable  over  all  periods  then  becomes  a  main  plot 
value  for  that  variable,  and  the  main  plot  itself  covers  the  two  dimensions  of  treatment 
and  time. 

Crop  trees. — At  the  time  of  study  establishment,  well-spaced,  dominant,  crop  trees 
were  selected  at  the  rate  of  16  per  plot  (80  per  acre)  and  were  permanently  marked. 

Calibration  thinning. — The  24  plots  assigned  to  thinning  treatments  were  given  a 
so-called  calibration  thinning  at  the  time  of  study  establishment.  The  intent  was  to  adjust 
all  thinning  treatment  plots  within  an  installation  to  a  common  condition  prior  to  the 
planned  treatment  thinnings. 

Treatment  thinnings.— Treatment  thinnings  were  made  according  to  the  following 
specifications: 

1 .  The  sequence  of  thinnings  consisted  of  the  initial  calibration  thinning,  which  left  the 
same  stand  on  all  treated  plots  within  a  given  installation,  and  five  subsequent  treatment 
thinnings. 

2.  Thinnings  were  made  whenever  average  height  of  crop  trees  on  all  treatments  had 
increased  10  feet  since  the  last  thinning.  This  specification  relates  thinning  interval  to 
growth  and  crown  expansion  of  the  crop  trees  and  results  in  more  frequent  thinning  on 
good  sites  than  on  poor  sites. 


^  Criterion  not  fully  met  at  the  Skykomish  and  Stampede  Creek 
studies. 

^  Criterion  not  fully  met  at  the  Skykomish  study,  which  was 
established  before  completion  of  the  study  plan. 

•^  Although  not  provided  for  in  the  original  study  plan,  buffer  strips 
were  added  in  the  Sayward  and  Shawnigan  Lake  installations  only. 
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3.  Treatments  were  defined  by  the  amount  of  growing  stock  retained,  which  is  expressed 
as  basal  area.  After  the  calibration  thinning,  all  treatment  plots  within  an  installation  had 
nearly  the  same  basal  areas.  In  the  five  subsequent  treatment  thinnings,  the  increases 
in  basal  areas  retained  after  thinning  were  specified  as  percentages  of  the  gross 
periodic  basal  area  growth  as  measured  on  the  control  plots.  Gross  increment  of  the 
unthinned  control  plots  provided  an  installation-specific  reference  point  for  definition  of 
thinning  treatments. 

4.  Trees  to  be  removed  in  thinning  were  determined  in  part  by  rules  (discussed  later) 
specifying  a  tree's  relation  to  the  crop  trees  and  to  the  diameter  distribution.  Merchanta- 
bility was  not  a  consideration. 

Nine  LOGS  studies  have  been  established  (table  1 ).  There  is  a  9-year  range  in  dates  of 
study  establishment.  Those  studies  located  on  good  sites  progress  through  the 
sequence  of  thinnings  much  more  rapidly  than  do  those  located  on  poor  sites.  Individual 
installations,  therefore,  differ  widely  in  their  position  within  the  sequence  of  thinnings  and 
in  the  amount  of  data  now  available.  No  studies  have  yet  (as  of  1 983)  reached  comple- 
tion, although  four  (Skykomish,  Hoskins,  Clemons,  and  Francis)  will  complete  the  final 
treatment  period  in  the  near  future.  There  are  relatively  little  data  now  available  for 
Stampede  Creek  and  Shawnigan  Lake.  The  studies  on  the  poorest  sites — Rocky  Brook 
and  Shawnigan  Lake — will  not  complete  the  planned  treatment  sequence  until  well  after 
2000. 

Initial  stand  characteristics  of  the  study  areas  are  summarized  in  table  2.  Climatic  data, 
based  on  nearby  weather  stations  and  climatic  zone  maps,  are  shown  in  table  3. 
Because  the  study  locations  are  generally  at  higher  elevations  and  some  distance  from 
these  weather  stations,  climatic  values  given  do  not  fully  reflect  local  conditions.  On-site 
measurements  of  rainfall  and  temperature  during  the  growing  season  have  been  made 
at  five  locations  (Rocky  Brook,  Iron  Creek,  Stampede  Creek,  Sayward,  and  Shawnigan 
Lake),  but  this  information  has  not  as  yet  been  summarized  and  will  be  given  in  later 
reports  on  individual  installations. 

No  systematic  and  consistent  description  of  ground  vegetation  or  classification  by  plant 
association  is  available  for  the  study  areas  as  of  1983. 

Skykomish. — The  Skykomish  study,  located  on  Weyerhaeuser  Company's  Skykomish 
Tree  Farm,  was  the  first  installed,  and  many  of  the  details  of  the  LOGS  study  plan  were 
developed  here.  The  stand  is  of  natural  origin  and  was  about  24  years  old  when  the 
study  was  established  in  1961.  (In  this  report,  "age"  is  estimated  years  from  seed:  "age 
b.h."  is  years  since  attainment  of  breast  height.)  At  that  time,  no  specification  had  yet 
been  adopted  limiting  percentage  of  species  other  than  Douglas-fir,  and  this  stand  was 
about  50  percent  western  hemlock  {Tsuga  heterophylla  (Raf.)  Sarg.)  after  the  calibration 
thinning.  It  was  also  slightly  taller  than  the  maximum  of  40  feet  specified  in  the  final  study 
plan.  The  study  contains  four  control  plots,  rather  than  the  three  used  in  later 
installations. 

The  study  is  on  a  north-facing  slope  along  Youngs  River,  some  4  miles  south  of  Sultan, 
Washington,  at  about  500  feet  elevation.  Average  slope  is  about  35  percent. 


Table  1— LOGS  installations  by  year  established, 
location,  and  number  of  treatment  periods  completed 


Year 
tabl  ished 

Location 

Treatment 
periods 

study        es 

Township 

Range 

Section 

completed, 
1983 

Skykomlsh 
Hoskins 
Rocky  Brook 

1961 
1963 
1963 

T. 

T. 
T. 

27  N. 
10  S. 
26  N. 

R.  8  E. 
R.  7  W. 
R.  3  W. 

19 
27 
13 

1/  4 

T/  4 

2 

Francis 
demons 
Iron  Creek 

1963 
1963 
1966 

T. 
T. 

T. 

12  N. 
15  N. 
11  N. 

R.  6  W. 
R.  6  W. 
R.  7  E. 

16 

9 

30 

4 
4 
3 

Stampede  Creek 

1968 

T. 

31  S. 

R.  1  W. 

10 

I'   1 

Sayward 
Shawnigan  Lake 

1969 
1970 

-- 

- 

-- 

2 
1 

--  i  not  applicable. 

XJ   An  additional  measurement,  representing  completion  of  one 
additional  treatment  period,  was  made  at  the  end  of  the  1983  growing 
season.  The  data  were  not  available  in  time  for  inclusion  in  the 
analyses  discussed  in  this  manuscript. 


Table  2 — Stand  characteristics  of  study  areas  at  establishment  (after  calibration  thinning) 


Quadrat 

c  mean 

Ratio  of 

Douglas-fi 

He 

•ght 

d.b.h 

all 

Trees  per  acre. 

Basal 

area. 

basal  area 

to  basal 

Site  1/ 

Total 

Age 

spec 

es 

all  species 

all  s 

oecies 

area  of 

3ll 

species 

study  area 

Crop 

Largest 

and  year 

established 

class 

Origin  2/ 

age 

b.h. 

trees 

40/ 

acre 

Control  Thinned 

Control 

Thinned 

Control 

Thinned 

Control 

Thinne 

-  yea 

rs  - 

feet 

.  .  . 

-  -  inches  -  - 

-  ft2/ 

3cre  - 

Skykomish, 

II 

Nat 

24 

17 

44 

48 

4/  4.7 

5.2 

4/  594 

357 

4/  72 

51 

0.48 

0.50 

1961  3/ 

3/(5.6) 

(6.0) 

(204) 

(135) 

(35) 

(26) 

Hoskins, 

II 

Nat 

20 

13 

36 

40 

~  3.8 

5.2 

1,727 

342 

138 

50 

1.00 

1.00 

1963 

Rocky  Brook, 

IV 

PI 

25 

15 

28 

34 

3.4 

4.0 

1,367 

399 

87 

36 

.76 

.95 

1963  5/ 

5/  (32) 

(36) 

(3.8) 

(4.6) 

(1,335) 

(382) 

(107) 

(44) 

(.77) 

(.94) 

demons. 

II 

PI 

19 

12 

31 

36 

4.0 

4.1 

687 

396 

60 

36 

.76 

.91 

1963 

Francis, 

II 

PI 

18 

8 

25 

29 

3.3 

3.6 

887 

405 

52 

30 

.79 

.83 

1963 

6/ 

(15) 

Iron  Creek, 

II 

PI 

19 

12 

36 

39 

3.7 

5.0 

1,128 

356 

82 

48 

.86 

.97 

1966 

Stampede  Creek , 

III 

Nat 

33 

25 

5b 

59 

4.7 

6.6 

997 

287 

119 

68 

.90 

.99 

1968 

Sayward, 

III 

PI 

22 

14 

38 

39 

4.0 

5.0 

1,062 

355 

91 

48 

.96 

.99 

1969 

Shawnigan  Lake, 

IV 

PI 

25 

16 

38 

41 

3.7 

4.5 

1,193 

375 

91 

41 

1.00 

1.00 

1970 

\J   Most  recent  estimate  using  King  (1966). 

ZJ   Nat  =  natural  origin;  PI  =  planted.  J 

y   Values  for  Oouglas-fir  component  shown  in  parentheses.  I 

4/  Altered  by  removal  of  small  trees  and  therefore  not  comparable  to  other  installations. 

V  Extensive  snowbreakaye  resulted  in  replacement  of  several  plots  in  1965.  1965  means  of  all  plots,  after  replacement,  shown  in  parentheses. 

6/  Value  in  parentheses  is  age  at  b.h.  +  7  years,  comparable  to  other  site  II  stands. 


t}le  3 — Climatic  data  for  LOGS  study  areas 


Values  from  nearest  weather  s 

tation 

1/ 

Values  for  climati 

c  zone  2/ 

Weather 

Precipitation,  1956-65 

Average  frost- 

-free 

Ave 

rage 

temperature. 

Precipitation, 

Fr 

Jy 

ost-free 

a 

station 

Annual   April -Sept. 

period,  1931 

-65 

frost- 

free 

period 

April-Sept. 

period 

-  -  Inches  -  - 

Days 

^ 

Inches 

Days 

komish 

Snoqualmie  Falls 

60        16 

155 

59 

16 

160 

kinb 

Summit 

66        12 

152 

— 

12 

160 

ky  Brook 

Cushman  Dam  3/ 

93        15 

-- 

-- 

20 

4/ 

mons 

Oakville 

55        12 

163 

59 

16 

200 

ncis 

Willapa  Haroor 

87        21 

197 

59 

20 

200 

n  Creek 

Rainier-Lonymire 

84        22 

134 

58 

20 

120 

mpede 

Prospect 

42         9 

98 

64 

8 

120 

eek 

ward 

Campbell  River 

58 

149 

58 

4/  10 

5/ 

149 

wniyan 

Shawnigan  Lake 

43 

168 

60 

4/   7 

5/ 

146 

ke 

=  data  not  available. 

Pacific  Morthwest  River  basins  Commission  (1969). 

Dick  (1955). 

Elevation   and  topography   at  Rocky  BrooK    is   considerably   different.      Estimate   from   isohyetal    map   is  80   inches 
cipi  tation. 

Althougn  witnin   Dick's    (1955)    loO-day  zone,   local    topography   produces   a  considerably   shorter  frost-free   period. 

From  Diggle   (1972).     Rainfall    given   for  frost-free  period. 


Soils  are  derived  from  basaltic  parent  material.  They  are  in  the  Oso  series,  which  is 
described  by  Webster  and  Steinbrenner  (1974)  as  follows:  "Common  features  of  these 
soils  are  a  dark  grayish-brown,  gravelly  loam,  15-  to  20-inch  thick  surface  A  horizon 
which  grades  into  a  weakly  structured,  gravelly  loam,  dark  yellowish-brown  B  horizon. 
Beneath  this,  C  horizons  containing  40  to  80  percent  rock  extend  to  fractured  bedrock  at 
40  to  60  inches." 

When  this  study  was  installed,  small  trees  less  than  one-half  the  average  diameter  of 
crop  trees  were  cut  on  the  control  plots  as  well  as  on  the  thinned  plots,  unlike  the 
procedure  followed  for  later  LOGS  studies.  Approximately  360  trees  per  acre  were  cut 
from  the  control  plots.  These  were  less  than  3.6  inches  in  diameter  at  breast  height 
(d.b.h.)  and  most  were  hemlock  understory  with  small  numbers  of  western  redcedar 
{Thuja  plicata  Donn  ex  D.  Don)  and  miscellaneous  hardwoods.  This  reduced  the  control 
plots  to  an  average  of  594  trees  per  acre  with  about  half  the  remaining  basal  area  in 
Douglas-fir  and  half  in  hemlock.  Removal  of  these  small  trees  probably  has  had  little 
effect  on  subsequent  growth  but  does  affect  stand  statistics  for  number  of  trees  and 
average  diameter. 


No  serious  stand  damage  has  occurred  to  date. 
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Hoskins. — The  Hoskins  study  was  established  by  Oregon  State  University  on  land 
made  available  by  T.J.  and  Bruce  Starker  (now  owned  by  Starker  Forests).  The  stand 
was  of  natural  origin  following  wildfire  and  was  exceptionally  uniform  in  age  and  stocking. 
Estimated  total  age  when  the  study  was  established  in  1 963  was  20  years  (13  years  b.h. 
as  determined  by  borings). 

The  study  is  located  just  west  of  the  summit  of  the  Coast  Range,  near  Hoskins,  Oregon, 
about  22  miles  northwest  of  Corvallis.  Aspect  is  southerly,  with  slopes  of  15  to 
55  percent.  Elevation  is  about  1 ,000  feet. 

The  soils  are  deep  well-drained  silty  clay  loams  of  the  Apt  series,  formed  in  colluvium 
from  mixed  sedimentary  and  igneous  rocks.  As  described  by  Knezevich  (1975),  "Apt 
soils  are  more  than  60  inches  deep  over  bedrock.  .  .  .In  a  representative  profile  the 
surface  layer  is  very  dark  brown  and  very  dark  grayish-brown  silty  clay  loam  about 
1 0  inches  thick.  The  subsoil  is  dark-brown,  dark  yellowish-brown,  and  strong-brown  silty 
clay  and  clay  that  extends  to  a  depth  of  about  60  inches." 

Rocky  Brook. — The  Rocky  Brook  study  was  established  in  1963  by  the  USDA  Forest 
Service  (Pacific  Northwest  Research  Station  and  Pacific  Northwest  Region).  It  is 
located  in  the  Hoodsport  District,  Olympic  National  Forest,  about  8  miles  west  of 
Brinnon,  Washington. 

The  area  was  planted  about  1940.  No  record  of  seed  source  or  early  development  is 
available.  Natural  fill-in  was  abundant,  and  the  present  stand  is  a  mixture  of  trees  of 
planted  and  natural  origin.  Average  age  at  breast  height  (age  b.h.)  of  dominant  trees  in 
1963,  as  estimated  by  borings,  was  16  years. 

The  stand  occupies  a  glacially  formed,  gently  sloping  (average  1 0  percent,  short  pitches 
to  55  percent)  terrace  near  the  bottom  of  a  deep  glaciated  valley  at  2,400  feet  elevation. 
Aspect  is  southerly,  but  the  location  of  the  valley  bottom  and  a  high  ridge  to  the  south  tend 
to  reduce  temperatures  and  shorten  the  growing  season. 


The  well-drained,  gravelly,  sandy,  loam  soils  are  phases  of  the  Hoodsport  series.-^ 
Parent  material  consists  of  glacial  outwash  and  drift  of  stratified  and  unstratified  sands, 
gravels,  and  coarser  material  overlying  basaltic  bedrock. 

Several  small  foci  of  Phellinus  weirii  were  present  at  the  time  of  study  establishment. 
Although  an  effort  was  made  to  avoid  these,  several  plots  have  since  been  seriously 
damaged  by  Phellinus. 

A  heavy  wet  snowfall  occurred  immediately  after  the  calibration  thinning  and  caused 
extensive  breakage.  Several  of  the  more  severely  damaged  plots  were  replaced  by 
spare  plots  in  1965. 

demons. — This  study  is  located  at  Weyerhaeuser  Company's  demons  Tree  Farm, 
near  Blue  Mountain,  about  1 1  miles  west  of  Oakville,  Washington. 

The  stand  was  planted  in  spring  1 947  with  2-0  Douglas-fir  of  unknown  seed  source.  The 
study  was  established  in  autumn  1963  when  the  stand  was  19  years  old  from  seed. 

The  study  is  located  along  a  ridge  top,  has  a  northerly  aspect  and  slopes  of  0  to 
15  percent,  and  is  at  about  800  feet  elevation. 

Soils  are  in  the  Astoria  series,  which  is  derived  from  deep  marine  sediments  and  is 
generally  considered  highly  productive.  The  Astoria  series  is  described  by  Steinbrenner 
and  Duncan  (1969)  as  follows:  "Deep,  friable,  well-drained,  moderately  fine  textured 
yellowish-brown  lateritics  developed  from  coarse  Miocene  sandstones  are  characteristic 
of  this  series.  The  A  horizons  are  dark  brown,  friable  loams  about  1 8  inches  thick  and  the 
subsoils  are  yellowish-brown  silt  loams  with  a  weak,  fine,  sub-angular  blocky  structure 
grading  into  yellowish,  highly  weathered,  massive  sandstones.  Total  depths  are  40  to 
60  inches  with  deeper  soils  more  prevalent." 

The  area  was  thought  to  be  an  exceptionally  good  site  at  the  time  the  study  was 
established,  but  subsequent  growth  has  not  met  initial  expectations. 

The  plantation  had  severe  animal  damage  (particularly  from  mountain  beaver)  in  its  early 
years  and  was  damaged  by  a  severe  freeze  in  1 955.  Many  deformed  and  damaged  trees 
were  removed  in  the  calibration  thinning. 

Francis. — The  Francis  study  was  established  in  1963  by  the  Washington  State  Depart- 
ment of  Natural  Resources.  The  area  was  planted  in  autumn  1947  with  2-0  planting  stock 
from  a  local  seed  source  and  was  18  years  from  seed  when  the  study  was  installed. 

The  study  is  located  about  30  miles  west  of  Chehalis,  near  Francis,  Washington,  on  the 
westerly  slope  of  the  Willapa  Hills  at  about  1 ,300  feet  elevation.  The  plots  are  on  north  to 
west  aspects  and  average  about  20  percent  slope. 


■^  Unpublished  report,  1967,  "Soil  Investigations  of  the  Rocky  Brook 
Experimental  Forest  Area,  Olympic  National  Forest, "  by  Herman  D 
Loren.  Report  on  file  at  Forestry  Sciences  Laboratory,  3625-93d 
Avenue,  S.W.,  Olympia,  WA  98502. 


The  soil  is  classified  as  Boistfort  silt  loam,  which  is  described  as  deep,  well-drained  silt 
loam  found  on  nearly  level  to  moderately  steep  terraces  of  the  uplands  of  the  Coast 
Range  of  western  Washington.  The  soil  has  formed  on  basalt  and  developed  in  a  mild, 
wet,  coastal  climate.  The  surface  layer  is  0-12  inches,  dark  reddish-brown  silt  loam  with 
weak  medium  granular  structure;  friable  when  moist,  slightly  sticky  and  slightly  plastic 
when  wet,  and  very  strongly  acid.  The  subsoil  is  12-44  inches,  dark  brown  silt  loam, 
moderately  fine  subangular  blocky  structure,  friable  when  moist,  sticky  and  plastic  when 
wet,  and  strongly  acid.  The  substratum  is  44-60  inches,  dark  brown  loam,  moderately 
fine  subangular  blocky  structure,  friable  when  moist,  sticky  and  plastic  when  wet,  and 
strongly  acid. 

The  stand  required  10  years  to  reach  breast  height  from  seed,  3  years  more  than  the 
average  of  7  years  for  natural  stands  on  site  II  (King  1 966).  The  reason  for  this  unusually 
slow  early  development  is  not  known,  although  it  is  known  that  the  area  was  grazed.  For 
comparability  with  the  other  installations,  total  age  shown  in  subsequent  tables  is  age  at 
b.h.  plus  7  years. 

Several  Armillaria  root  rot  foci,  which  appeared  after  establishment  of  the  plots,  have 
been  successfully  controlled  by  removal  of  stumps. 


Iron  Creek. — This  Forest  Service  study  is  located  in  the  Randle  District,  Gifford  Pinchot 
National  Forest,  about  9  miles  south  of  Randle,  Washington. 


\ 


The  stand  was  planted  in  1 949  using  stock  of  unknown  seed  source.  Although  there  has 
been  some  natural  fill-in,  the  planted  trees  have  maintained  their  lead  and  make  up  most 
of  the  stand. 

The  stand  is  in  a  midslope  position  at  about  2,500  feet  elevation.  Aspect  is  easterly,  with 
slopes  averaging  about  25  percent. 

The  deep,  well-drained  soil  (series  undetermined)  is  derived  from  volcanic  ash  and  lapilli 
overlying  a  residual  soil  developed  on  fractured  volcanic  rock.  Surface  soils  range  from 
sandy  loam  to  loam,  with  interbedded  pumice. 

At  the  time  the  study  was  established,  many  trees  in  the  area  had  been  damaged  by 
bear.  Approximately  20  percent  of  the  trees  remaining  after  the  calibration  thinning  had 
some  injury.  The  area  was  then  fenced,  and  further  injury  has  been  limited  to  one 
episode  following  damage  to  the  fence  about  1975. 

Approximately  1  inch  of  ash  from  the  Mount  St.  Helens  eruption  on  May  18,  1980,  fell 
on  the  study  area.  Foliage  was  still  ash  covered  the  following  September.  The  effect  on 
stand  growth  has  not  been  determined. 

Stampede  Creek. — The  Stampede  Creek  study  was  established  by  the  Forest  Service 
near  Tiller,  Oregon,  in  the  Tiller  District,  Umpqua  National  Forest.  The  stand  is  of  natural 
origin  following  wildfire  in  1929.  There  was  considerable  delay  in  regeneration,  and 
development  of  brush  species  may  have  contributed  to  relatively  low  initial  density  and'' 
otherwise  influenced  early  development. 
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Average  age  at  breast  height  of  dominants,  as  determined  by  boring  crop  trees,  was  25 
years  when  the  study  was  established  in  1 968.  Estimated  total  age  in  1 968  was  33  years. 

The  study  area  is  situated  on  a  broad  slope  near  the  head  of  Stampede  Creek.  Slopes 
are  gentle,  averaging  about  25  percent,  and  aspect  is  generally  northeast.  Elevation  is 
2,700  feet. 

The  soil  is  Freezener  clay  loam  over  clay  loam  and  clay  and  is  derived  from  well- 
weathered  volcanic  tuffs  and  breccias.  The  Freezener  series  is  described  as  well- 
drained  soils  formed  in  colluvium  from  volcanic  rocks.  The  surface  layer  is  dark 
reddish-brown,  gravelly  loam  about  16  inches  thick.  The  subsoil  is  reddish-brown  clay 
about  40  inches  thick.  The  substratum  is  reddish-brown  cobbly  clay  loam  and  is 
16  inches  or  more  thick. 

Height  in  1 968  (about  55  feet)  exceeded  study  plan  specifications,  but  competition  was 
not  severe  because  of  the  initial  relatively  wide  spacing.  Tree  distribution  was  fairly 
uniform,  and  the  stand  was  accepted  for  the  LOGS  program  as  no  better  alternative 
stand  could  be  found  in  southwestern  Oregon. 

No  serious  stand  damage  has  occurred  to  date. 

Sayward. — This  study  was  established  in  1969  by  the  Canadian  Forestry  Service  and 
is  located  on  Vancouver  Island,  about  1 5  miles  west  of  Campbell  River,  British  Columbia. 
The  stand  is  a  plantation,  established  in  spring  1 950  using  2-0  stock.  Seed  source  was 
Merville,  British  Columbia,  at  latitude  49"48'N.,  longitude  125°00'W. 

The  study  is  situated  on  a  gently  rolling  slope  with  a  westerly  aspect,  at  about  900  feet 
elevation.  The  soil,  a  gravelly,  loamy  sand,  is  a  well-drained  young  podzol  developed  on 
sandy,  gravelly,  glacial  till.  It  is  classified  as  a  mini  humo-ferric  podzol  (Canada 
Department  of  Agriculture  1 970).  Soil  profiles  show  little  variation.  The  average  depth  to 
the  underlying  till  is  30  inches. 

There  has  been  some  minor  fill-in  by  western  hemlock,  western  redcedar,  western  white 
pine  {Pinus  monticola  Doug!,  ex  D.  Don),  and  lodgepole  pine  (Pinus  contorta  Dougl.  ex 
Loud.). 

The  plantation  was  very  uniform  at  the  time  of  establishment.  Some  pockets  of  root  rot 
were  present  but  were  avoided  in  laying  out  plots.  To  date  there  has  been  no  major 
damage. 

The  study  plan  procedure  was  modified  to  provide  33-foot  buffers  around  each  plot  in 
this  installation. 

Shawnigan  Lake. — This  study,  located  on  Vancouver  Island,  British  Columbia,  about 
5  miles  southwest  of  Shawnigan  Lake,  was  established  by  the  Canadian  Forestry 
Service  during  winter  1970-71  in  a  25-year-old  Douglas-fir  stand.  The  stand  had  been 
planted  in  spring  1948  with  2-0  seedlings.  Seed  source  was  Merville,  British  Columbia, 
as  in  the  Sayward  installation. 
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The  stand  is  located  on  a  low  ridge  at  about  1 ,100  feet  elevation.  Topography  is  flat  to 
very  gently  rolling  with  an  easterly  aspect.  The  soil  is  a  well-drained  sandy  loam 
developed  from  underlying  glacial  till  and  is  classified  as  a  mini  humo-ferric  podzol 
(Canada  Department  of  Agriculture  1970).  Soil  profiles  vary  little  throughout  the  stand, 
and  depth  to  the  till  averages  24  inches. 

Natural  fill-in  has  been  light.  To  date,  there  has  been  no  major  stand  damage. 

The  study  plan  procedure  was  modified  to  provide  33-foot  buffers  around  each  plot. 

The  Data  Installations  included. — All  treatment  regimes  start  from  a  common  condition  within 

any  one  installation,  and  differences  develop  gradually  over  successive  treatment 
periods.  The  first  one  or  two  treatment  periods  are  not  expected  to  yield  much 
information. 

Analyses  and  comparisons  made  in  this  report  are  confined  to  those  studies  for  which 
data  are  available  for  several  treatment  periods.  Those  studies  are  the  five  site  II 
installations:  Skykomish,  Hoskins,  demons,  Francis,  and  Iron  Creek  (table  1).  Data  for 
two  treatment  periods  are  available  from  two  installations  on  sites  III  and  IV — Sayward 
and  Rocky  Brook:  these  may  provide  some  indication  of  consistency  of  results  across 
site  classes.  Data  from  one  treatment  period  only  are  available  for  Stampede  Creek  and 
Shawnigan  Lake:  these  study  sites  are  omitted  from  all  analyses  and  discussions  in  the 
remainder  of  this  report. 

Tree  and  stand  measurements. — All  leave  trees  1.6  inches  d.b.h.  and  larger  were 
numbered  and  tagged  at  the  time  of  the  calibration  thinning.  Diameters  to  the  nearest 
0.1  inch  were  recorded  following  the  calibration  thinning  and  at  each  subsequent 
thinning  date  (at  Hoskins,  and  at  Sayward  since  1975,  diameters  were  measured 
annually).  Ingrowth  trees  (present  on  control  plots  only)  were  tagged  and  measured  as 
they  attained  1.6  inches  d.b.h. 

Total  heights  were  measured  on  a  sample  of  trees  at  each  measurement  date.  The  study 
plan  specified  height  measurements  for  a  minimum  of  eight  crop  trees  per  plot,  with 
additional  noncrop  trees  measured  as  needed  to  cover  portions  of  the  diameter  range 
not  represented  by  crop  trees.  About  two-thirds  of  the  trees  measured  were  to  be  from 
the  upper  one-half  of  the  diameter  range.  Measurements  were  to  be  taken  on  the  same 
tree  at  successive  measurements,  except  that  another  tree  of  similar  diameter  was  to 
be  substituted  for  any  tree  that  died  or  was  cut.  The  height  sampling  procedure  actually 
used  has  varied  considerably,  however,  among  cooperators  and  among  installations.  In 
many  cases,  samples  have  been  considerably  larger  than  suggested  by  the  study  plan. 
In  others  (notably  demons),  even  the  basic  standard  of  eight  crop  trees  was  not  met 
consistently — a  deficiency  that  probably  contributed  to  some  peculiarities  encountered 
in  the  analyses. 

Length  of  live  crown  was  measured  on  height  sample  trees  in  some  installations  and 
periods.  Although  this  information  was  not  required  by  the  study  plan  and  has  not  been 
recorded  for  all  installations  and  periods,  considerable  data  exist. 
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ble  4 — Dates  of  thinning  and  measurement  for  7  LOGS  studies-^ 


Date  of  thinnin 

y  and  associated 

measurement 

"Final " 

jdy 

Cdl ibration 

1st  treatment 

2d  treatment 

3d  treatment 

4th  treatment 

5th  treatment 

measurement 

^koinish 

1961 

1965 

1968 

1971 

1976 

1979 

2/  1983 

ikins 

1963 

1966 

1970 

1973 

1975 

1979 

Jl   1983 

;ky  Brook 

3/  1963  (1965) 

1969 

1976 

1982 

-- 

-- 

.- 

?nions 

1963 

1966 

1970 

1973 

1976 

1980 



ancis 

1963 

1966 

1969 

1973 

1977 

1981 

.- 

3n  Creek 

1966 

1970 

1973 

1977 

1980 

-- 

— 

^ward 

1969 

1973 

1977 

1981 

-- 

-- 

-- 

=  not  availaDle. 

Data  from  Stampede  Creek  and  Shawnigan  Lake  excluded. 

Data  summaries  not  yet  available. 

Study  established  in  1963,  but  spare  plots  were  substituted  in  1965  following  severe  snow  breakage,  and  a  complete 
neasurement  was  made  at  that  time. 


The  sampling  procedure  for  stand  age  determination  was  not  specified  in  detail  in  the 
study  plan  and  has  varied  among  installations.  The  age  estimate  was  usually  based  on 
planting  date  for  plantations  and  on  borings  or  stump  ring  counts  in  natural  stands  and 
later  converted  to  age  at  b.h.  or  to  total  age.  Sampling  and  conversion  procedures 
were  not  always  consistent  among  installations,  and  the  time  required  to  reach  b.h. 
has  been  affected  by  factors  such  as  browsing  and  vegetative  competition,  in  addi- 
tion to  site.  Although  there  are  some  inconsistencies  in  the  presently  available 
estimates,  we  think  it  unlikely  that  absolute  errors  exceed  2  years  in  age. 

Thinning  dates  and  the  corresponding  measurements  now  available  are  shown  in 
table  4  for  the  seven  installations  included  in  this  report. 

Data  summarization. — Sample  tree  volumes  were  calculated  using  the  Douglas-fir 
equation  by  Bruce  and  DeMars  (1974)  for  total  cubic  volume  of  stem  including  stump 
and  tip  (V).  Table  7  in  Browne  (1 962)  was  used  at  Skykomish  for  western  hemlock.  Plot 
volumes  were  estimated  using  equations  of  the  form: 

InV  =  a  +  bln(dbh)  ; 

fit  to  the  sample  tree  values.  An  equation  was  fit  separately  for  each  plot  in  all  installa- 
tions except  demons  and  Skykomish.  In  these  two  instances,  because  of  inadequate 
height  samples  in  some  periods,  all  sample  trees  for  the  three  plots  in  each  treatment 
were  combined  and  a  single  volume  equation  for  that  treatment  was  used  to  estimate 
individual  plot  volumes.  Separate  volume  equations  were  used  for  Douglas-fir  and 
western  hemlock  at  Skykomish  because  of  the  large  hemlock  component.  The  Douglas- 
fir  equation  was  used  for  all  species  at  the  other  installations. 
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Plot  volumes  were  expressed  as  total  stem  volume  in  cubic  feet  per  acre.  Standard  plot 
statistics  of  number  of  trees  (N),  basal  area  (G),  quadratic  mean  diameter  (Dg),  and 
volume  were  calculated  for  the  Douglas-fir  component  and  for  all  species  combined,  and 
for  crop  trees  and  for  noncrop  trees.  Stand  height  was  expressed  as  average  height  of 
crop  trees  and  as  average  height  of  the  largest  (by  diameter)  40  trees  per  acre 
(abbreviated  as  H40).  Periodic  annual  increments  and  stand  statistics  at  the  midpoint  of 
each  growth  period  were  calculated  from  the  period  beginning  and  ending  values. 


The  Treatments  Calibration  thinning. 


Objectives. — All  plots  in  an  installation  other  than  the  three  control  plots  were  given  an 
initial  calibration  thinning.  Treatment  thinnings  were  applied  when  the  crop  trees  had 
grown  an  average  of  1 0  feet  since  the  calibration  thinning.  The  purpose  of  the  calibration 
thinning  was  to  reduce  all  plots  scheduled  for  treatment  to  a  common  density  and  to 
allow  time  for  trees  to  adjust  to  the  changed  condition.  All  treatment  thinnings  within  a 
given  installation  would  then  be  applied  to  a  common  initial  stand  condition. 

Specifications. — Stand  density  following  the  calibration  thinning  was  specified  by  the 
equation: 

s  =  0.61 67Dg  +  8  ; 

where: 

s     =  average  spacing  in  feet,  and 

Dg  =  quadratic  mean  d.b.h.  of  the  remaining  trees. 

This  equation  corresponds  to  the  following  numbers  of  trees  and  basal  areas  per  acre: 


Number  of  trees 

Diameter  of  leave  trees 

per  acre 

Basal  area 

(Inches) 

(Sqi 

jare  feet  per  acre; 

3.0 

449 

22.0 

4.0 

398 

34.8 

5.0 

355 

48.4 

6.0 

318 

62.4 

I 


The  study  plan  recommended  that  the  calibration  thinning  be  controlled  by  the  number 
of  trees  in  those  stands  where  the  estimated  average  diameter  of  leave  trees  was  under 
4.5  inches  and  by  basal  area  in  stands  of  larger  diameter. 

Following  initial  selection  of  crop  trees  (80  per  acre,  16  per  plot),  quadratic  mean 
diameter  (Dg)  of  crop  trees  was  calculated  and  a  first  estimate  made  of  Dg  for  leave 
trees.  Noncrop  leave  trees  were  then  marked  according  to  the  rules  that  (1)  no  tree 
should  be  retained  whose  diameter  was  less  than  one-half  the  average  diameter  of  the 
crop  trees  in  the  installation,  and  (2)  spacing  of  leave  trees  should  be  as  uniform  as 
feasible.  Further  restrictions  were  that  (3)  when  control  was  by  number  of  trees,  the 
average  diameter  of  leave  trees  should  be  within  15  percent  of  the  installation  mean, 
and  (4)  when  control  was  by  basal  area,  average  diameter  of  leave  trees  should  be 
within  10  percent  of  the  installation  mean.  The  initial  marking  was  modified  as  needed 
to  meet  the  density  specifications  for  leave  trees  and  the  above  restrictions. 
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Density  control  was  by  number  of  trees  at  Rocky  Brook,  demons,  Francis,  Sayward, 
and  Shawnigan  Lake  and  by  basal  area  at  the  other  four  installations. 

Stand  characteristics  after  calibration  thinning. — Average  stand  values  for  control 
plots  and  for  thinned  plots,  immediately  after  the  calibration  thinning,  are  shown  in  table  2. 

Although  prethinning  values  for  the  thinned  plots  are  not  available,  these  stands  were 
quite  uniform  and  control  plot  averages  should  closely  approximate  average  prethinning 
condition  of  the  thinned  plots.  There  were  considerable  differences  among  installations 
in  prethinning  density  with  numbers  of  trees  per  acre  ranging  from  594  at  Skykomish  to 
1 ,727  at  Hoskins,  and  diameters  from  3.3  inches  at  Francis  to  4.7  inches  at  Skykomish. 
Values  at  Skykomish  are  not  directly  comparable  to  those  at  other  installations,  both 
because  of  the  large  hemlock  component  and  because  on  this  installation — unlike  all 
others — trees  less  than  one-half  the  average  diameter  of  crop  trees  were  cut  on  the 
control  plots  as  well  as  on  plots  intended  for  later  thinning  treatments. 

The  calibration  thinning  left  plots  that  were  more  uniform  within  individual  installations 
than  was  the  original  stand,  although  plots  in  different  studies  were  not  made  identical 
because  of  differences  among  installations  in  initial  height,  diameter,  and  number  of 
trees.  Diameter  distributions  left  after  the  calibration  thinning  are  shown  in  table  5. 

Ratios  of  numbers,  basal  areas,  and  average  diameters  of  trees  cut  in  the  calibration 
thinning  to  corresponding  values  before  thinning  (as  represented  by  the  control  plots) 
are  shown  in  table  6.  Despite  wide  variations  in  proportion  of  trees  removed,  d/D  ratios 
(diameter  of  trees  cut  divided  by  original  stand  diameter)  are  very  similar  for  all 
installations  except  Iron  Creek  and  Clemens.  The  low  d/D  ratio  at  Iron  Creek  reflects 
removal  of  considerable  numbers  of  small  stems  of  associated  species  (mainly  western 
hemlock).  The  d/D  ratio  for  Clemens  was  close  to  1 ,  and  may  be  a  result  of  removing 
damaged  trees  present  in  the  initial  stand. 

Summary  values  at  the  end  of  the  calibration  period — before  the  first  treatment 
thinning — are  shown  in  table  7.  There  are  some  differences  among  installations  in 
relative  density  prior  to  the  first  treatment  thinning.  These  differences  are  related  to 
stand  height  and  stand  average  diameter  and  are  a  consequence  of  the  spacing  rule 
used  in  the  calibration  thinning. 

Treatment  thinnings. — Eight  thinning  regimes  were  applied  after  completion  of  the 
calibration  period.  These  regimes  differed  only  in  amount  of  growing  stock  retained; 
other  factors  were  held  as  nearly  constant  as  feasible. 

Results  of  thinning  are  influenced  by  (1)  the  amount  of  growing  stock  retained,  (2)  the 
interval  between  thinnings,  (3)  the  type  of  thinning,  (4)  site  quality,  and  (5)  initial  stand 
conditions.  Amount  of  growing  stock  is  the  variable  of  primary  interest  in  the  LOGS 
studies  and  the  only  one  purposely  varied  within  an  installation.  The  interval  between 
thinning  is  specified  as  the  time  required  for  1 0  feet  of  crop  tree  height  growth  and  varies 
with  site  and  age.  The  type  of  thinning  is  controlled  by  specifications  discussed  later, 
which  are  comparable  across  regimes  and  installations.  Site  quality  is  nearly  constant 
within  an  installation  but  varies  among  installations.  Initial  stand  conditions  were  nearly 
constant  within  an  installation  and  were  restricted  to  as  narrow  a  range  as  feasible 
among  installations. 
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Table  5 — Number  of  trees  by  1-inch  d.b.h.  classes,  for  stand  after  calibration 


Number  of 

trees  per  acre,  by 

installation  and  treatment  category 

(con 

trol  vs. 

thinned)  1/ 

Skykomish 

Hosk 

ins 

Rocky 

Brook  2/ 

demons 

Francis 

Iron 

Creek 

Sayward 

D.b.h. 

class 

C 

Th 

C 

Th 

C 

Th 

C 

Th 

C 

Th 

C 

Th 

C 

Th 

2 

503 

362 

4 

128 

12 

312 

59 

407 

170 

3 

139 

40 

470 

37 

437 

74 

233 

131 

272 

159 

239 

44 

292 

18 

4 

231 

144 

357 

91 

243 

136 

192 

149 

220 

127 

247 

97 

302 

114 

5 

128 

88 

225 

108 

152 

107 

65 

79 

75 

50 

175 

123 

238 

141 

6 

44 

41 

113 

70 

95 

48 

37 

20 

8 

9 

53 

70 

50 

67 

7 

20 

22 

48 

32 

32 

13 

17 

3 

-- 

1 

15 

19 

10 

13 

8 

26 

12 

5 

4 

13 

1 

7 

1 

-- 

-- 

2 

2 

-- 

2 

9 

3 

5 

2 

1 

2 

-- 

5 

-- 

-- 

-- 

-- 

.- 

-- 

-- 

10 

4 

3 

2 

-- 

-. 

-- 

2 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

U 

-- 

2 

0 

-- 



-- 

2 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

12 

-- 

-- 

2 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

Total  3/ 

594 

357 

1,727 

342 

1,335 

382 

687 

396 

887 

405  1 

,128 

356  1 

.062 

355 

1/  C  =  mean  of  control  plots;  Th  =  mean  of  thinned  plots. 

y   After  replacement  of  damaged  plots  in  1965. 

3/  Small  discrepancies  in  column  totals  come  from  rounding  to  whole  numbers. 


Table  6 — Ratios  of  numbers,  basal  areas,  and  average 
diameters  of  trees  cut  in  calibration  thinning  to 
prethinning  stand  values 


Study  n/N  1/       g/G  2/       d/D  3/ 


Skykomish  4/ 

Hoskins 

0.80 

0.64 

0.89 

Rocky  Brook 

.71 

.59 

.87 

demons 

.42 

.40 

.97 

Francis 

.54 

.42 

.88 

Iron  Creek 

.68 

.42 

.78 

Sayward 

.67 

.47 

.84 

\l  n/N  =  ratio  of  number  cut  to  prethinning 
number  of  trees. 

y  g/G  =  ratio  of  basal    area  cut  to 
prethinning  basal    area. 

_3/  d/0  =  ratio  of  diameter  of  cut  trees  to 
stand  diameter  before  thinning. 

4^/  Skykomish  values  are  not  comparable  to 
those  from  other  studies  because  of 
removal    of  small    trees  from  control    plots 
at  time  of  calibration  thinning  and  are 
therefore  omitted. 
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Table  7 — Stand  characteristics  of  study  areas  at  the  end  of  the  calibration  period  (prior  to  first  treatment 
thinning) 

Height       Quadratic  mean   Number  of  trees 
Age      d.b.h.         per  acre        Basal  area         Volume  RD  1/ 


Crop   Largest 
Study        Total   B.h.   trees   40/acre    Control  Thinned  Control  Thinned  Control  Thinned   Control  Thinned   Control  Thinned 


-  years  - 


feet-   -  -         -  -  inches  -  -  -  -  ft^/acre  -  -     -  -  ft^/a 


Skykomish  2/ 

28 

21 

58 

60 

5.79 

6.57 

594 

356 

108.7 

86.1 

2,460 

1,980 

45 

34 

(6.80) 

(7.64) 

(204) 

(134) 

(51.4) 

(41.9) 

(1,152) 

(861) 

Hoskins 

23 

16 

46 

50 

4.54 

6.82 

1,640 

341 

184.7 

86.5 

3,362 

1,596 

87 

33 

^ocky  Brook 

31 

22 

39 

45 

4.24 

5.35 

1.317 

374 

128.9 

58.3 

1,995 

938 

63 

25 

:iemons 
■rancis 

'Iron  Creek 

22 

15 

41 

46 

4.90 

5.28 

683 

394 

89.5 

60.1 

1,596 

1,023 

40 

26 

18 

11 

34 

39 

4.05 

5.22 

1,075 

403 

96.1 

60.1 

1,317 

864 

48 

26 

23 

16 

48 

50 

5.23 

6.68 

745 

326 

110.9 

79.5 

2,035 

1,507 

48 

31 

Sayward 

26 

18 

46 

49 

4.62 

6.20 

1,100 

355 

128.1 

74.6 

2,270 

1,402 

60 

30 

i/  Relative  density 

measure 

from  Curtis  (1982). 

\l   Values  for 

Uouglas-fir  c 

omponent 

given 

in  parentheses 

• 

Crop  trees  were  selected  and  marked  at  study  establishment.  They  retain  their  identity 
as  crop  trees  throughout  the  experiment,  except  for  occasional  replacement  of  trees  that 
are  dying,  damaged,  or  showing  marked  decline  in  vigor. 

The  kind  of  thinning  is  controlled  by  specifications  that  (1 )  no  crop  tree  shall  be  cut  until 
all  noncrop  trees  have  been  cut,  (2)  quadratic  mean  diameter  of  trees  cut  shall 
approximate  quadratic  mean  diameter  of  all  trees  available  for  cutting,  and  (3)  trees  cut 
during  thinning  shall  be  distributed  as  evenly  as  practicable  across  the  range  of 
diameters  of  trees  available  for  cutting,  without  regard  to  merchantability.  These 
specifications  imply  d/D  ratios  of  less  than  1 .0  until  all  noncrop  trees  have  been  cut. 

Growing  stock  levels  are  defined  by  the  basal  area  allowed  to  accumulate  in  the  growing 
stock.  Basal  area  retained  after  any  thinning  is  that  retained  after  the  previous  thinning, 
plus  a  predetermined  percentage  (see  table,  inside  front  cover)  of  the  gross  basal  area 
growth  occurring  on  the  unthinned  plots  since  that  previous  thinning.  This  can  be 
expressed  as: 


basal  area  retained  =  Gcahb  +  -  PidG, 


where: 


Gcahb  =  mean  basal  area  of  all  thinned  plots  in  the  installation 
after  the  calibration-  thinning; 

Pi        =  fraction  of  control  plot  growth  to  be  retained  for  the 

respective  period  and  treatment  (table,  inside  front  cover);  and 

dGj     =  mean  gross  increment  in  basal  area  of  control  plots  in 
growth  period  "i." 
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If,  at  the  end  of  a  growth  period,  attained  basal  area  of  a  plot  was  less  than  the  leave 
basal  area  calculated  as  above,  no  thinning  was  made  on  that  plot  at  that  thinning  date. 
This  situation  has  occurred  occasionally,  usually  in  the  highest  density  treatment. 

Definition  of  growing  stock  levels  in  terms  of  observed  growth  of  the  control  makes 
growing  stock  levels  specific  to  the  individual  installation.  There  are  four  fixed- 
percentage  regimes  (1 ,  3,  5,  and  7)  that  retain  1 0,  30,  50,  and  70  percent  of  control  plot 
gross  basal  area  growth;  two  regimes  (2  and  4)  that  retain  successively  increasing 
percentages  of  control  plot  growth  over  successive  periods;  and  two  regimes  (6  and  8) 
that  retain  decreasing  percentages  of  control  plot  growth.  These  are  referred  to  in  later 
discussion  as  "fixed"  treatments,  1 ,  3,  5  and  7;  and  "variable"  treatments  consisting  of 
"increasing"  treatments,  2  and  4,  and  "decreasing"  treatments,  6  and  8. 

The  pattern  of  growing  stock  levels  expected  as  the  stand  develops  is  schematically 
illustrated  in  figure  2.  Treatment  regimes  will  show  the  same  pattern  and  relative  position 
in  each  of  the  studies,  although  numerical  stocking  levels  for  a  given  treatment  vary 
somewhat  among  installations  because  of  differences  in  initial  conditions  and  in  control 
plot  growth.  Stand  condition  after  the  calibration  cut  is  illustrated  by  figure  3  and  that 
near  the  end  of  the  planned  experiment  by  figure  4. 


c 

3 
Q. 


TO 
ffl 


%^ 


Figure  2. — Idealized  trends  of 
basal  area  for  thie  eight  thinning 
regimes. 


Height 
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Figure  3— Hoskins  study  after 
calibration  cut,  1963,  age  20 
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Analyses 


The  LOGS  study  plan  specified  analyses  of  variance  (ANOVA)  for  gross  volume  growth, 
basal  area  growth,  and  net  diameter  growth.  There  are,  however,  other  and  perhaps 
more  informative  ways  of  analyzing  the  data,  and  other  relationships  of  interest.  The 
planned  analyses  of  variance  are  included  in  this  report,  but  we  do  not  confine  ourselves 
to  them. 


Most  analyses  of  volume  and  basal  area  growth  are  for  gross  growth  of  trees  1 .6  inches 
and  larger  d.b.h.  Gross  rather  than  net  growth  and  values  for  trees  1 .6  inches  and  larger 
rather  than  some  higher  measurement  limit  are  used  because: 

1 .  These  provide  more  biologically  meaningful  expressions  of  stand  productivity. 

2.  Gross  growth  is  less  influenced  by  mortality  than  is  net  growth. 

3.  Inclusion  of  all  trees  1 .6  inches  and  larger  eliminates  the  need  to  account  for  ingrowth 
on  the  thinned  plots. 


Height,  Height  Growth, 
and  Site  Index 


Definition  of  stand  height. — Past  reports  in  the  LOGS  series  used  average  height  of 
crop  trees  as  the  summary  measure  of  stand  height.  This  has  several  limitations.  First, 
it  does  not  correspond  with  the  basis  of  the  applicable  regional  site  curves,  nor  with  any 
procedure  in  general  use.  Second,  in  the  present  LOGS  summary  program  this  value  is 
calculated  as  an  arithmetic  mean  of  measured  heights  of  those  crop  trees  included  in 
the  sample;  it  is  therefore  influenced  by  the  selection  of  trees  for  height  measurement. 
Third,  in  later  treatment  periods  this  value  may  be  altered  by  removal  of  crop  trees  in 
thinning,  aside  from  actual  growth.  To  avoid  these  difficulties,  we  used  average  height 
of  the  40  largest  trees  per  acre  by  d.b.h.  (previously  defined  as  H40)  as  the  basic  stand 
height  statistic  (Curtis  and  others  1981).  This  value  (also  frequently  referred  to  as  "top 
height")  is  little  affected  by  thinning  and  has  a  long  history  of  use,  particularly  in  Europe. 


Computation  of  H40. — Because  the  present  LOGS  summary  program  does  not 
provide  height-diameter  equations,  we  adopted  the  following  computation  procedure: 

1 .  Calculate  quadratic  mean  diameter  of  the  largest  eight  trees  per  0.2-acre  plot. 

2.  Calculate  corresponding  tree  volume  using  the  plot  local  volume  equation. 

3.  Calculate  H40  by  substituting  mean  volume  and  diameter  of  the  largest  eight  trees 
per  plot  in  the  Bruce  and  DeMars  (1974)  volume  equation  and  solving  for  height.-^ 

Trial  computations  with  plot  data  indicated  that  this  procedure  gave  estimates  of  H40 
that  were  very  close  to  those  obtained  with  plot  height-diameter  equations. 


^  The  equation  can  be  rearranged  as: 

B+_(Bf__4AC)''2 


H 


2A 


where:    A  =  0.480961   -   0.00409083D, 

B-    -(V/(0  005454150^)  +  0.107809), 
C=  42.46542-  10.99643D, 


and 


V  =  volunne  in  cubic  feet, 
D  =  d.b.h.  in  inches,  and 
H  =  total  height  in  feet. 


20 


Height  in  relation  to  treatments. — 

Graphs  of  H40  over  time. — H40  was  calculated  for  each  plot  at  each  measurement 
date.  For  each  installation,  treatment  means  of  H40  were  plotted  over  the  year  of 
measurement.  Inspection  indicated  that: 

1 .  Trends  over  time  are  nearly  linear. 

2.  There  is  no  consistency  in  relative  position  of  thinning  treatments  among  installations. 

3.  The  Rocky  Brook  study  has  a  considerably  greater  dispersion  of  H40  values  than  do 
other  studies.  This  may  be  related  to  known  early  snowbreakage  and  to  a  greater  range 
in  site  index  in  this  study  than  others. 

4.  In  the  Clemens  study,  H40  for  controls  is  markedly  and  consistently  higher  than  for 
thinned  plots.  Trends  for  control  and  thinned  plots  appear  parallel. 

5.  In  the  Hoskins  study,  H40  for  controls  is  also  above  and  parallel  to  values  for  thinned 
plots,  although  the  difference  is  much  less  than  at  Clemens. 

6.  In  the  Skykomish  study,  mean  H40  for  controls  was  initially  lower  than  for  any  thinning 
treatment.  Slope  of  the  trend  for  controls  was,  however,  considerably  steeper  than  for 
thinned  plots,  and  by  1 979  the  controls  had  the  highest  mean  H40.  A  similar  though  less 
pronounced  trend  was  present  at  Iron  Creek. 

Effect  of  calibration  thinning  on  H40. — The  hypothesis  of  no  difference  between 
means  of  H40  for  thinned  plots  and  for  controls  after  the  calibration  thinning,  for  each 
installation,  was  tested  (t-test).  A  significant  difference  (p  less  than  0.01 )  was  found  only 
for  Clemens,  where  the  mean  of  controls  was  6.2  feet  greater  than  for  thinned  plots,  and 
for  Hoskins,  where  the  difference  was  3.1  feet. 

A  probable  explanation  is  suggested  by  the  diameter  distributions  shown  in  table  5.  A 
considerable  number  of  large  trees  were  evidently  removed  in  the  calibration  thinning  at 
Clemens,  probably  a  result  of  known  prior  damage.  Similar  but  lesser  differences  can 
be  seen  for  Hoskins  and  for  Rocky  Brook.  (At  Rocky  Brook,  H40  of  controls  was  2.7  feet 
greater  than  for  thinned  plots,  although  the  difference  was  not  statistically  significant.) 

At  the  most  recent  measurement,  the  difference  between  H40  of  controls  and  of  thinned 
plots  was  no  longer  significant  at  Hoskins.  It  was  still  significant  at  Clemens  where,  in 
1980,  H40  of  controls  was  7.6  feet  greater  than  the  mean  H40  of  thinned  plots. 

Mean  increases  in  H40  over  the  entire  period  of  observation  were  also  compared 
between  controls  and  thinned  plots,  t-tests  indicated  significant  differences  (p  less  than 
0.05)  only  for  Iron  Creek  and  Skykomish,  where  the  controls  grew  3.0  and  5.7  feet  more, 
respectively,  than  did  the  average  of  thinned  plots. 

These  results  indicated  that  in  a  few  installations  the  calibration  thinning  probably  did 
introduce  real  differences  in'H40  between  controls  and  thinned  plots.  These  differences 
were  generally  minor  and  of  little  importance  over  the  course  of  the  experiment,  with  the 
possible  exception  of  the  demons  study. 
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Effect  of  removal  of  trees  on  H40. — Removal  of  occasional  large  trees  In  thinning 
should  tend  to  reduce  H40  for  thinned  plots,  compared  to  H40  for  control  plots,  aside 
from  real  differences  in  growth.  H40  values  were  calculated  before  and  after  treatment 
thinnings.^  Results  suggest  a  small  reduction  associated  with  thinning.  Changes  in 
means  were  small,  however — a  few  tenths  of  a  foot  at  each  thinning — and  will  be 
ignored  in  subsequent  analyses.  We  will  use  values  of  H40  calculated  after  thinning. 

Height  growth  patterns  and  site  index  estimates. — Past  site  index  estimates  for  the 
LOGS  studies  have  most  frequently  used  average  height  of  crop  trees,  but  sometimes 
selected  remeasured  site  trees  have  been  used.  Average  height  of  crop  trees  is  not 
consistent  with  the  regional  site  curves  (King  1966),  which  specify  the  largest  10  trees 
from  a  group  of  50  as  the  basis  for  site  index  estimates.  The  latter  selection  rule  was  not 
intended  for  use  in  thinned  stands  and  would  probably  bias  comparisons  between 
thinned  and  control  plots. 

We  needed  a  procedure  that  could  be  applied  consistently  to  all  installations  and  that 
used  only  currently  available  data.  We  chose  to  calculate  site  index  by  entering  King's 
curves  with  mean  H40  and  mean  estimated  age  at  b.h.  for  the  installation.  Numerical 
site  index  values  given  here  may  therefore  differ  slightly  from  previously  published 
values.  Trends  of  site  index  estimates  over  age  at  b.h.  are  shown  in  figure  5. 

Although  Iron  Creek  and  Francis  showed  sharp  declines  in  site  index  estimates  over 
time  at  the  younger  ages,  at  such  young  ages  small  errors  in  estimates  of  ages  b.h.  and 
short-term  variations  in  growth  can  easily  introduce  large  errors  in  site  index  estimates. 
Little  importance  can  be  attached  to  trends  below  at  least  age  15  b.h. 

Conformity  with  the  regional  site  index  curves  appears  reasonably  good  overall.  The 
best  available  site  index  estimates  are  those  from  the  most  recent  measurements 
(table  8). 

Comparisons  Purpose. — Comparisons  of  the  behavior  of  controls  among  installations  provide 

Among  Controls  indications  of  differences  in  growth  associated  with  location;  location  may  also  influence 

thinned  plots.  To  the  extent  that  differences  in  initial  conditions  influence  growth  of 
controls,  the  differences  may  also  affect  the  definition  of  thinning  treatments  because 
the  LOGS  study  plan  uses  observed  basal  area  growth  on  the  controls  as  the  basis  for 
defining  thinning  regimes.  We  therefore  examined  characteristics  and  development  of 
controls  for  consistency  among  installations  and  for  differences  that  may  be  attributable 
to  differences  in  initial  conditions,  real  differences  in  site  productivity,  or  other  factors. 

Graphs  of  stand  attributes  over  H40  provide  a  convenient  way  to  compare  on  common 
scales  the  development  of  stands  which  differ  in  age  and  site  index.  This  general 
procedure  has  a  long  history  of  use  in  yield  studies  in  Europe,  where  yield  tables  have 
frequently  been  prepared  using  the  assumption  that  total  production  is  primarily  a 
function  of  attained  height  (the  so-called  "Eichhorn's  law").  The  relationship  to  height 
may  differ  somewhat  among  site  classes,  especially  at  advanced  ages;  and  production 
of  individual  stands  in  relation  to  height  may  differ  from  regional  averages  in  response 
to  differences  in  climate,  soil,  or  other  factors  (see  p.  161  ff.,  Assmann  1970). 


^  Unpublished  report,  1982,  "Preliminary  Work  on  the  Cooperative 
Levels-of-Growing-Stock  Study  in  Douglas-Fir,"  by  David  D. 
Marshall  and  John  F.  Bell  Report  on  file  at  Forestry  Sciences 
Laboratory,  3625-93d  Avenue,  S.W.,  Olympia,  WA  98502. 
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Figure  5. — Estimates  of  SI50 
(King  1966)  by  installation  and 
age  b.h.,  based  on  height  of  40 
largest  trees  per  acre  (by  d.b.h.). 


Table  8 — Site  index  estimates  from  King's  (1966)  site 
curves,  based  on  installation  means  of  H40  and  ages 
b.h.  at  most  recent  measurement 


Installation 

Age  b.h. 

Estimated  SI50 

Skykomish 

35 

128 

Hoskins 

29 

132 

Rocky  Brook 

35 

87 

demons 

29 

1/  122 

Francis 

26 

125 

Iron  Creek 

26 

125 

Sayward 

26 

109 

y  Mean  H40  of  controls   differed  significantly 
from  H40  of  thinned  stands  at  demons.     SI50 
estimated  from  mean  H40  of  controls  is  132. 
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For  stands  treated  alike,  stand  attributes  other  than  volume  also  tend  to  be  functions  of 
height.  Conversely,  differences  in  development  in  relation  to  height  are  indicative  of 
differences  in  stand  treatment,  initial  conditions,  or  other  factors. 

Comparisons  of  trends. — Table  2  gives  means  of  initial  stand  values  for  the  control 
plots,  by  installation.  Trends  of  number  of  trees  over  H40  are  shown  in  figure  6  for  all 
trees,  and  in  figure  7  for  Douglas-fir  only.  Rocky  Brook,  Francis,  and  Iron  Creek  have 
large  numbers  of  trees  of  other  species  (mostly  western  hemlock),  many  of  which  are  in 
the  understory  and  contribute  little  to  volume  and  basal  area  totals.  When  only  the 
Douglas-fir  component  is  considered,  initial  differences  are  much  less,  except  at 
Hoskins  and  Skykomish.  Hoskins  had  by  far  the  greatest  number  of  stems,  Skykomish 
the  least.  Skykomish,  unlike  other  studies,  was  about  50  percent  hemlock  by  basal  area. 
Values  of  initial  number  and  average  diameter  at  Skykomish  were  not  directly  compara- 
ble to  those  for  other  installations,  because  at  Skykomish  (and  only  at  Skykomish)  small 
stems  were  cut  on  the  control  plots. 

Trends  in  average  diameter  over  H40  are  shown  in  figure  8  for  all  trees,  and  in  figure  9 
for  Douglas-fir  only.  The  many  small  trees  of  other  species  present  at  Rocky  Brook, 
Francis,  and  Iron  Creek  markedly  affect  the  number  of  trees  and  average  diameter,  but 
contribute  little  to  basal  area  and  volume.  There  are,  therefore,  considerable  shifts  in 
relative  position  of  installations  in  figure  9  as  compared  to  figure  8. 

Comparisons  of  trends  in  basal  area,  cumulative  gross  basal  area  production,  and 
cumulative  gross  volume  production  (all  trees)  over  H40  show  generally  similar 
relationships  among  installations  (figures  10,  11,  12).  Hoskins  and  Francis  have  the 
highest  values  for  a  given  H40,  and  those  for  Skykomish  and  Clemons  are  considerably 
lower  than  those  for  the  other  studies. 

The  trend  of  the  relative  density  measure  RD  (defined  as  G/Dg^  ^  (Curtis  1982))  over 
H40  likewise  shows  highest  values  for  Hoskins,  which  has  apparently  reached  an  upper 
limit  at  an  RD  of  just  under  1 00  (fig.  13).   Rocky  Brook,  Francis,  and  Iron  Creek  appear 
to  be  headed  toward  similar  limits  at,  possibly,  somewhat  lower  levels.  (Because  of  the 
effect  of  understory  hemlock  in  reducing  stand  average  diameter,  the  RD  values  shown 
are  inflated  by  5-10  percent  in  these  three  installations.)  Sayward  is  slightly  lower. 
Clemons  and  Skykomish  are  behaving  quite  differently  and  seem  unlikely  to  reach 
relative  densities  near  those  of  the  other  studies. 

Kind  of  Thinning  and  the     The  study  plan  specification  that  "trees  removed  in  thinning  shall  be  distributed  as 
d/D  Ratio  evenly  as  practicable  across  the  diameters  of  trees  available  for  cutting  without  regard 

to  merchantability"  has  sometimes  been  interpreted  as  a  statement  that  the  d/D  ratio  in 
the  LOGS  studies  is  1.0:  this  is  incorrect.  The  study  plan  specifications  produce  a  d/D 
of  1 .0  only  after  all  noncrop  trees  have  been  cut,  a  condition  that  generally  occurs  only 
at  the  lowest  stocking  level  (treatment  1)  and  only  in  the  last  one  or  two  thinnings.  (In 
these  data,  mean  d/D  ratio  of  treatment  1  at  the  fifth  treatment  thinning  was  in  fact  0.98.) 

d/D  ratios  were  plotted  against  age  and  height,  by  installation  and  by  treatment.  Values 
were  highly  variable — particularly  as  the  number  of  trees  available  for  cutting  de- 
creased— and  no  conclusions  could  be  drawn  beyond  the  expected  result  that  values  in 
later  thinnings  were  higher  at  the  lower  stocking  levels. 
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Figure  6. — Number  of  trees  per 
acre  in  relation  to  H40  for  control 
plots,  by  installation,  all  species. 
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Figure  7. — Number  of  trees  per 
acre  in  relation  to  H40  for  control 
plots,  by  installation,  Douglas-fir 
only. 
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Figure  8. — Quadratic  mean 
diameter  in  relation  to  H40  for 
control  plots,  by  installation,  all 
species. 
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Figure  9. — Quadratic  mean 
diameter  in  relation  to  H40  for 
control  plots,  by  installation, 
Douglas-fir  only. 
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Figure  10. — Basal  area  in  relation 
to  H40  for  control  plots,  by 
installation,  all  species 
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Figure  1 1 . — Cumulative  gross 
basal  area  production  in  relation 
to  H40  for  control  plots,  by 
installation,  all  species 
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Figure  12. — Cumulative  gross 
volume  production  in  relation  to 
H40  for  control  plots,  by 
installation,  all  species. 
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Figure  13. — Trends  of  RD  in 
relation  to  H40,  by  installation,  for 
control  plot  means,  all  species. 


40  50  60  70 

H40  (feet) 


80 


90 


100        110 


28 


1.00 


.90 


80 


.70  - 


Rocky  ^ 
Brook 
Sayward 


Francis 
Hoskins 

demons 
,~_  Iron  Creek 

■  ~  -  Skykomlsh 


1 


0 


1 


Calibration      Treatment  thinnings 
thinning 

Figure  14. — Ratio  of  average 
diameter  of  trees  cut  to  average 
diameter  of  stand  before  cut  (d/D) 
for  successive  thinnings,  by 
installation;  all  tfiinning  treatments 
combined.  Value  at  calibration 
thinning  is  omitted  for  Skykomish 
because  prethinning  diameter  is 
not  available. 


Mean  d/D  ratios  were  calculated  over  all  thinning  treatments,  for  each  installation 
(fig.  14).  Wide  differences  for  the  calibration  thinning  resulted  from  differences  in  initial 
conditions.  The  divergent  trend  shown  for  Skykomish  may  be  associated  with  the  large 
hemlock  component.  Otherwise,  trends  are  not  greatly  different  among  studies. 

These  cuts  are  probably  best  classified  as  crown  thinnings. 


nalysis  of  Variance 


The  original  LOGS  study  plan  specified  analysis  of  variance  as  the  primary  method  of 
analysis.  Response  variables  were: 


1.  Gross  periodic  basal  area  growth. 

2.  Gross  periodic  volume  growth. 

3.  Periodic  change  in  quadratic  mean  diameter. 

4.  5,  and  6.  Growth  percents  in  basal  area,  volume,  and  diameter. 

This  analysis  has  been  done  for  the  Skykomish,  Hoskins,  demons,  and  Francis  studies, 
the  only  ones  for  which  data  are  available  through  the  fourth  treatment  period. 

An  individual  LOGS  installation  consists  of  eight  thinning  treatments  replicated  three 
times,  with  thinning  treatments  randomly  assigned  to  plots.  This  is  a  repeated-measures 
experiment  that  is  computationally  similar  to  a  split-plot  design  (Snedecor  and  Cochran 
1981).  The  thinning  treatments  were  randomly  assigned  to  the  main  plots.  Periodic 
remeasurements  of  these  plots,  at  intervals  defined  by  10  feet  of  height  growth, 
correspond  to  subplots. 
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For  the  ANOVA,  gross  basal  area  growth,  gross  volume  growth,  and  growth  in  quadratic 
mean  diameter  were  expressed  as  periodic  annual  increments  (PAI).  Corresponding 
growth  percents  were  calculated  using  mean  basal  area,  volume,  or  diameter  for  the 
period  as  the  divisor;  that  is: 


Growth  percent  =100 


PAI 


(Yi  +  Y2)/2 


where  Y^  and  Y2  are  values  of  basal  area,  volume,  or  diameter  at  beginning  and  end  of 
the  growth  pehod.  ANOVA  computations  were  done  with  the  SPSS  MANOVA  program 
(Hull  and  Nie  1981). 

The  seven  degrees  of  freedom  in  the  main  (treatments)  plot  portion  of  the  ANOVA 
(table  9)  were  broken  down  into  seven  orthogonal  contrasts,  which  test  differences 
among  overall  means  through  the  fourth  treatment  period.  The  first  contrast  (A)  tests  the 
mean  of  the  four  fixed  treatments  versus  the  mean  of  the  four  variable  treatments.  This 
is  a  meaningful  comparison  because  the  average  growing  stock  retained  (percent  of 
control  plot  growth)  is  the  same,  40  percent,  for  all  periods  (table,  inside  front  cover). 
Next,  because  there  are  four  equally  spaced  treatments  (10,  30,  50,  70  percent)  in  the 
fixed  treatments,  up  to  a  third  degree  polynomial  can  be  used  to  describe  the  relationship 
between  response  and  treatment.  The  second  contrast  (B),  therefore,  tests  for  significant 
linear,  quadratic,  and  cubic  effects  in  the  fixed  treatments.  The  third  contrast  (C)  tests 
for  differences  among  means  of  the  increasing  and  decreasing  treatments.  At  the  end 
of  the  fifth  treatment  period  average  basal  area  retained  for  both  of  these  treatments  will 
be  40  percent.  Before  the  fifth  treatment  period,  however,  average  basal  area  retained 
will  be  greater  for  the  two  decreasing  treatments.  Thus,  after  four  treatment  periods 
average  basal  area  retained  is  35  and  45  percent  for  the  increasing  and  decreasing 
treatments  respectively,  making  interpretations  difficult  until  both  treatments  have 
developed  to  reach  the  same  average  levels  of  growing  stock. 
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The  first  test  in  the  subplot  (periods)  portion  of  the  ANOVA  is  for  differences  among 
periods  and  is  expected  to  be  significant.  The  other  contrasts  are  the  seven  period 
X  treatment  interactions.  These  test  for  differences  among  individual  period  responses 
within  the  overall  average  response  tested  in  the  main-plot  portion  of  the  analysis.  A 
significant  interaction  indicates  a  change  in  response  with  time. 

Results. — 

Basal  area  growth. — The  ANOVA  for  gross  basal  area  PAI  is  summarized  in  table  1 0; 
means  are  shown  in  tables  22-25  (appendix).  For  all  installations,  gross  basal  area 
growth  increased  linearly  with  increased  growing  stock  within  the  fixed  percentage 
treatments.  The  means  also  show  that  gross  basal  area  PAI  decreased  with  treatment 
period  (age),  and  the  significant  (ps;  0.05)  period  x  linear  effects  interaction  for  Hoskins 
and  Skykomish  suggests  that  rate  of  change  differs  by  period.  Decreasing  treatments 
had  significantly  greater  average  increment  than  did  increasing  treatments  for  all  four 
installations.  The  period  x  increasing  versus  decreasing  treatments  interactions  are 
significant  in  three  of  four  installations,  which  indicates  that  the  pattern  of  response 
changes  with  time. 


30 


Table  9 — Analysis  of  variance  for  a  single  installation 


Degrees  of  freedom 
Source  of  variation  (4  treatment  periods) 

Treatments:  (7) 

A--fixed  vs.  variable  percentage  treatments  1 
B--aiiiony  levels  of  fixed  percentage  treatments 

linear  effects  1 

quadratic  effects  1 

cubic  effects  1 

C--increasiny  vs.  decreasing  percentage  treatments  1 

D--between  levels  of  increasing  percentage  treatments  1 

E--between  levels  of  decreasing  percentage  treatments  1 

Error  a--for  testing  treatments  16 

P--Periods:  3 

P  X  A  3 

P  X  B  linear  effects  3 

P  X  B  quadratic  effects  3 

P  X  B  cubic  effects  3 

P  X  C  3 

P  X  D  3 

P  X  E  3 

Error  b--for  testing  period  and  interactions  48 

Total  95 


Table  10 — Analysis  of  variance  for  periodic  annual 
increment  in  gross  basal  area,  all  trees,  through 
fourth  treatment  period 


p-val 

ues  and  error 

mean  squares  1/ 

Source  of  variation 

Skykomish 

Hoskins 

Clemens 

Francis 

Treatments: 

A--Fixed  vs.  variable 

0.965 

0.807 

0.983 

0.919 

B--Fixed  (linear) 

.000** 

.000** 

.001** 

.000** 

B--Fixed  (quadratic) 

.984 

.098 

.143 

.898 

B--Fixed  (cubic) 

.016* 

.447 

.411 

.873 

C--Increasing  vs.  decreasing 

.000** 

.000** 

.021* 

.000** 

D--Between  increasing 

.008** 

.016* 

.049* 

.000** 

E--Between  decreasing 

.278 

.283 

.982 

.356 

Error  a--mean  square 

.3292 

.7232 

.9837 

.6189 

Periods: 

P--Periods 

.000** 

.000** 

.000** 

.000** 

P  X  A 

.788 

.559 

.711 

.237 

P  X  B  (linear) 

.002** 

.000** 

.238 

.171 

P  X  B  (quadratic) 

.066 

.002** 

.595 

.006** 

P  X  B  (cubic) 

.463 

.971 

.701 

.041* 

P  X  C 

.035* 

.000** 

.456 

.000** 

P  X  D 

.221 

.045* 

.364 

.016* 

P  X  E 

.549 

.042* 

.173 

.745 

Error  b--mean  square 

.1288 

.0657 

.2499 

.1866 

1/  p  is  the  probability  of  a  larger  F,  given  that  the  null  hypothesis  of  no 
difference  among  means  is  true.  Significance  levels:  *:  0.01  <  p  <^  0.05;  and 
**:  p  <  0.01. 


Table  11 — Analysis  of  variance  for  gross  basal  area 
growth  percent,  all  trees,  through  4th  treatment 
period 


p-values 

and  error 

mean  squares 

•  y 

Source  of  variation 

Skykomish 

Hoskins 

CI 

lemons 

Francis 

Treatments; 

A--Fixed  vs.  variable 

0.746 

0.510 

0 

.508 

0.354 

B--Fixed  (linear) 

.000** 

.000** 

.000** 

.000** 

B--Fixed  (quadratic) 

.382 

.862 

.876 

.029* 

B--Fixed  (cubic) 

.030* 

.537 

.536 

.327 

C--Increasin9  vs.  decreasing 

.002** 

.000** 

.004** 

.000** 

D--Between  increasing 

.010** 

.000** 

.078 

.611 

E--Between  decreasing 

.002** 

.000** 

.014* 

.001** 

Error  a--mean  square 

.3279 

.3689 

1 

.2390 

.6884 

Periods: 

P--Periods 

.000** 

.000** 

.000** 

.000** 

P  X  A 

.840 

.186 

.289 

.333 

P  X  B  (linear) 

.020* 

.051 

.005** 

.004** 

P  X  B  (quadratic) 

.224 

.024* 

.992 

.032* 

P  X  B  (cubic) 

.479 

.918 

.548 

.018* 

P  X  C 

.032* 

.000** 

.155 

.002** 

P  X  D 

.149 

.729 

.515 

.034* 

P  X  E 

.831 

.003** 

.922 

.236 

Error  b--raean  square 

.1062 

.0293 

.3258 

.1434 

1/  p  is  the  probability  of  a  larger  F,  given  that  the  null  hypothesis  of  no 
difference  among  means  is  true.  Significance  levels;  *;  0.01  <  p  <  0.05;  and 
**:  p  £  0.01. 


Gross  basal  area  growth  percent  is  also  linear  (table  1 1  and  tables  26-29  (appendix)) 
and  decreases  with  treatment  period  and  with  an  increase  in  growing  stock.  The  period 
X  linear  interaction  is  significant  in  three  of  four  installations,  which  indicates  that  slopes 
of  the  linear  trends  differ  with  periods.  The  increasing  treatments  have  significantly 
larger  growth  percents  than  the  decreasing  treatments  because  the  former  have  fewer 
trees.  The  period  x  increasing  treatments  interaction  is  significant  in  three  of  four  cases, 
indicating  that  differences  change  with  time,  as  would  be  expected. 

Volume  growth. — The  ANOVAs  for  gross  volume  PA!  and  for  volume  growth  percent 
are  summarized  in  tables  12  and  13;  means  are  shown  in  tables  30-37  (appendix). 
Results  are  similar  to  those  for  basal  area,  with  linear  trends  that  increase  with  growing 
stock  for  volume  growth  and  decrease  with  growing  stock  for  growth  percent.  Increasing 
versus  decreasing  treatments  differ  significantly,  as  was  the  case  in  the  basal  area 
analysis.  The  period  «  linear  interaction  for  volume  growth  PAI  is  significant  in  three  of 
four  installations,  indicating  that  slopes  differ  by  period.  Interactions  for  volume  growth 
percent  are  significant  mainly  at  Skykomish,  suggesting  for  the  other  areas  that  although 
volume  growth  percent  decreases  with  age,  the  trends  with  growing  stock  are  similar  for 
all  treatment  periods. 

Diameter  growth. — The  ANOVAs  for  quadratic  mean  diameter  PAI  and  growth  percent 
are  shown  in  tables  1 4  and  15;  means  are  in  tables  38-45  (appendix).  Again,  within  fixed 
treatments,  PAI  and  growth  percent  decreased  linearly  with  increasing  growing  stock  as 
the  increment  was  redistributed  to  fewer  and  ultimately  larger  trees  in  the  heavier 
thinnings.  An  exception  was  Skykomish,  which  has  a  significant  quadratic  term  for  PAI. 
The  means  in  table  38  show  that  this  arises  in  this  instance  from  greater  growth  in 
treatment  7  than  in  treatment  5.  The  reason  for  this  anomaly  is  unknown. 


Table  12 — Analysis  of  variance  for  periodic  annual 
increment  in  gross  volume,  all  trees,  through  4th 
treatment  period 


p-val 

ues  and  error 

mean  squa 

res  y 

Source  of  variation 

Skykomish 

Hoskins 

demons 

Francis 

Treatments; 

A--Fixed  vs.  variable 

0.660 

0.779 

0.658 

0.160 

B--Fixed  (linear) 

.000** 

.000** 

.000** 

.000** 

B--Fixed  (quadratic) 

.120 

.060 

.431 

.426 

B--Fixed  (cubic) 

.362 

.657 

.610 

.192 

C--Increasing  vs.  decreasing 

.000** 

.000** 

.008** 

.000** 

D--Between  increasing 

.002** 

.000** 

.108 

.000** 

E--8etween  decreasing 

.023* 

.002** 

.661 

.000** 

Error  a--raean  square 

.403 

.768 

.1556 

.477 

Periods: 

P--Periods 

.uoo** 

.000** 

.000** 

.000** 

P  X  A 

.069 

.987 

.995 

.943 

P  X  6  (linear) 

.000** 

.000** 

.129 

.000** 

P  X  B  (quadratic) 

.021* 

.128 

.052 

.202 

P  X  B  (cuaic) 

.084 

.356 

.952 

.634 

P  X  C 

.014* 

.014* 

.708 

.604 

P  X  U 

.000** 

.180 

.369 

.001** 

P  X  E 

.001** 

.001** 

.250 

.057 

Error  b--mean  square 

.194 

.289 

.445 

.394 

1/  p  is  the  probability  of  a  larger  F,  given  that  the  null  hypothesis  of  no 
difference  among  means  is  true.  Significance  levels:  *:  0.01  <  p  <  0.05;  and 
**:  p  <_  0.01. 


Table  13 — Analysis  of  variance  for  gross  volume 
growth  percent,  all  trees,  through  4th  treatment 
period 


p-values 

levels  and 

error  mean 

squares  1/ 

Source  of  variation 

Skykomish 

Hoskins 

demons 

Francis 

Treatments: 

A--Fixed  vs.  variable 

0.547 

0.475 

0.681 

0.267 

B--Fixed  (linear) 

.001** 

.000** 

.000** 

.000** 

B--Fixed  (quadratic) 

.086 

.530 

.763 

.076 

B--Fixed  (cubic) 

.519 

.674 

.737 

.528 

C--Incredsiny  vs.  decreasing 

.000** 

.001** 

.035* 

.042* 

D--Between  increasing 

.006** 

.001** 

.112 

.649 

E--Between  decreasing 

.007** 

.000** 

.016* 

.049* 

Error  a--mean  square 

.4521 

.4832 

2.0671 

1.3831 

Periods: 

P--Periods 

.000** 

.000** 

.000** 

.000** 

P  X  A 

.013* 

.808 

.838 

.443 

P  X  B  (linear) 

.010** 

.157 

.073 

.052 

P  X  B  (quadratic) 

.034* 

.353 

.147 

.344 

P  X  B  (cubic) 

.004** 

.294 

.884 

.052 

P  X  C 

.000** 

.124 

.463 

.127 

P  X  0 

.000** 

.975 

.258 

.368 

P  X  E 

.000** 

.026* 

.349 

.643 

Error  o--mean  square 

.1409 

.2894 

.7058 

.4880 

1/  p  is  the  probability  of  a  larger  F,  given  that  the  null  hypothesis  of  no 
difference  among  means  is  true.  Significance  levels:  *:  0.01  <  p  £  0.05;  and 
**:  p  £  0.01. 
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Table  14 — Analysis  of  variance  for  periodic  annual 
increment  in  quadratic  mean  diameter,  all  trees, 
through  4th  treatment  period 


p-val 

ues  and  error 

mean  squa 

res  U 

Source  of  variation 

Skykomish 

Hoskins 

demons 

Francis 

Treatments; 

A  -  Fixed  vs.   varii 

able 

0.344 

0.639 

0.941 

0.806 

B  -  Fixed   (linear) 

.000** 

.000** 

.000** 

.000** 

B  -  Fixed  (quadratic) 

.007** 

.209 

.504 

.199 

B  -  Fixed   (cubic) 

.212 

.890 

.897 

.597 

C  -   Increasing  vs. 

decreasing 

.000** 

.000** 

.003** 

.000** 

D  -  Between   increasing 

.704 

.000** 

.037* 

.015* 

E  -   Between  decreasing 

.010** 

.002** 

.053 

.001** 

Error  a--mean  square 

.0021 

.0031 

.0089 

.0048 

Periods: 

P  -  Periods 

.000** 

.000** 

.000** 

.000** 

P  X  A 

.315 

.081 

.221 

.058 

P  X  B   (linear) 

.000** 

.000** 

.000** 

.000** 

P  X  B   (quadratic) 

.879 

.116 

.222 

.000** 

P  X  B   (cubic) 

.737 

.553 

.717 

.127 

P  X  C 

.016* 

.002** 

.273 

.000** 

P  X  D 

.001** 

.000** 

.375 

.001** 

P  X  E 

.017* 

.001** 

.884 

.001** 

Error  b--mean  square 

.0002 

.0002 

.0006 

.0003 

1/  p  is  the  probability  of  a  larger  F,  given  that  the  null  hypothesis  of  no 
difference  among  means  is  true.  Significance  levels:  *:  0.01  <  p  <  0.05;  and 
**:  p  <^  0.01. 


Table  15 — Analysis  of  variance  for  quadratic  mean 
diameter  growth  percent,  all  trees,  through  4th 
treatment  period 


p-val 

ues  and  error 

mean  squa 

res 

y 

Source  of  variation 

Skykomish 

Hoskins 

demons 

Francis 

Treatments: 

A  -  Fixed  vs.   varit 

ible 

0.742 

0.515 

0.485 

0 

.315 

B  -  Fixed  (1 inear) 

.000** 

.000** 

.000** 

.000** 

B  -  Fixed   (quadratic) 

.383 

.881 

.885 

.033* 

B  -  Fixed   (cubic) 

.032* 

.556 

.527 

.381 

C   -    Increasing  vs. 

decreasing 

.002** 

.000** 

.003** 

.000** 

D  -  Between   increasing 

.013* 

.000** 

.082 

.612 

E  -   Between  decreasing 

.002** 

.000** 

.014* 

.001** 

Error  a--mean   square 

.0858 

.0970 

.3281 

.1799 

Periods: 

P   -  Periods 

.000** 

.000** 

.000'* 

.000** 

P  X  A 

.870 

.239 

.312 

.269 

P  X  B   (linear) 

.028* 

.171 

.010** 

.000** 

P  X  B   (quadratic) 

.207 

.016* 

.995 

.054 

P  X  B   (cubic) 

.497 

.944 

.578 

.016* 

P  X  C 

.041* 

.000** 

.155 

.001** 

P  X  D 

.121 

.790 

.538 

.028* 

P  X  E 

.853 

.006** 

.906 

.251 

Error  b--medn   square 

.0275 

.0078 

.0870 

.0377 

1/  p  is   the  probability  of  a  larger  F,   given  that  the  null    hypothesis  of  no 
difference  ai.iony  means   is   true.     Significance  levels:    *:    0.01    <  p   <  0.05;   and 
**:    p  <  0.01. 
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The  period  x  linear  interaction  is  consistently  significant,  with  diameter  growth 
decreasing  with  age  except  in  treatment  1 ,  which  has  the  least  growing  stock.  The 
increasing  percentage  treatments  (2  and  4)  have  greater  diameter  growth  than  the 
decreasing  treatments  (6  and  8)  because  of  the  lesser  growing  stock  in  the  early  periods. 

Crop  trees. — Parallel  analyses  of  variance  were  run  for  the  80  well-spaced  crop  trees 
on  each  plot.  Results  were  similar  to  those  for  all  trees,  although  F-values  were  generally 
less  for  crop  trees.  This  suggests  that  averages  of  the  crop  trees,  which  are  in  general 
the  larger  trees,  have  been  somewhat  less  influenced  by  the  treatments  than  have  the 
averages  of  all  trees. 

Combined  analysis. — A  combined  analysis  in  which  individual  installations  would  be 
treated  as  blocks  was  considered.  We  concluded  that  such  an  analysis  is  not  appropriate 
because  of  the  probable  inconsistencies  among  treatments  in  different  installations  that 
arise  from  differences  in  initial  conditions  and  because  of  the  nonhomogeneity  of 
variance  among  installations. 

Treatment  means. — Figures  15  through  18  show  treatment  means  (tables  22-45, 
appendix)  of  basal  area  growth,  basal  area  growth  percent,  volume  growth,  and  volume 
growth  percent.  These  are  plotted  over  mean  values  of  basal  area  for  each  period.  The 
lines  connecting  successive  means  of  individual  treatments  represent  trends  over  time 
within  each  treatment.  The  lines  connecting  means  of  different  treatments  for  the  same 
treatment  period  represent  response  to  basal  area  level  within  each  treatment  period 
(these  lines  are  omitted  for  treatment  periods  1  and  2  in  figure  17  to  improve  clarity). 

The  nature  of  these  trends  is  best  seen  in  the  graphs  for  the  Francis  study,  which  has 
the  most  regular  trends.  Skykomish  has  lower  growth  percents  because  of  its  greater 
initial  volume  (table  7).  Skykomish,  Hoskins  (volume  only),  and  Clemens  each  have 
anomalies  in  individual  treatment  periods  (discussed  later)  that  make  the  patterns  less 
obvious  than  the  patterns  for  Francis.  The  trends,  none  the  less,  show  a  general 
similarity  across  all  installations. 
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Figure  15. — Periodic  annual 
increment  in  gross  basal  area  in 
relation  to  mean  basal  area  (or  the 
growth  period:  (A)  Skykomish, 
(B)  Hoskins,  (C)  Clemons,  and 
(D)  Francis.  Solid  lines  connect 
values  for  the  same  treatment  (T) 
in  successive  growth  periods; 
dashed  lines  connect  values  tor 
different  treatments  in  the  same 
growth  period  (TP).  Values  shown 
for  fixed  percentage  treatments 
(1,  3,  5,  and  7)  only. 
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jure  16. — Basal  area  growth 
rcent  in  relation  to  mean  basal 
3a  for  the  growth  period: 
)  Skykomish,  (B)  Hoskins, 
)  demons,  and  (D)  Francis, 
ilid  lines  connect  values  for  the 
me  treatment  (T)  in  successive 
Dwth  periods;  dashed  lines 
nnect  values  for  different 
atments  in  the  same  growth 
hod  (TP).  Values  shown  for 
9d  percentage  treatments 
3,  5,  and  7)  only. 
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Figure  17. — Periodic  annual 
gross  volume  increment  in 
relation  to  mean  basal  area  for  the 
growth  period;  (A)  Skykomish, 
(B)  Hoskins,  (C)  Clemons,  and 
(D)  Francis.  Solid  lines  connect 
values  for  the  same  treatment  (T) 
in  successive  growth  periods; 
dashed  lines  connect  values  for 
different  treatments  in  the  same 
period  (TP),  for  treatment  periods 
3  and  4  only.  Values  shown  for 
fixed  percentage  treatments 
(1,  3,  5,  and  7)  only. 
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■igure  18. — Volume  growth 
•ercent  in  relation  to  mean  basal 
,rea  for  the  growth  period: 
A)  Skykomish,  (B)  Hoskins, 
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iolid  lines  connect  values  for  the 
ame  treatment  (T)  in  successive 
rowth  periods;  dashed  lines 
onnecf  values  for  different 
eatments  in  the  same  growth 
eriod  (TP).  Values  shown  for 
xed  percentage  treatments 
I,  3,  5,  and  7)  only. 


Period  mean  basal  area  (ft2/acre) 


Equation  Forms  Although  analysis  of  variance  was  the  method  of  data  analysis  specified  in  the  original 

study  plan,  other  ways  of  looking  at  the  data  are  informative.  In  subsequent  sections  we 
examine  relationships  between  growth  and  growing  stock  using  graphic  and  regression 
methods.  We  will  not  use  treatment  as  a  variable,  but  will  use  measures  of  growing  stock 
(which  are  related  to  treatment,  as  each  treatment  represents  a  particular  sequence  of 
growing  stock  values  over  time).  In  most  analyses  we  use  individual  plot  values  rather 
than  treatment  means. 

The  ANOVA  of  the  preceding  section  led  to  the  conclusion  that  the  relationship  of  growth 
of  thinned  plots  (in  basal  area,  volume,  diameter,  and  corresponding  growth  percents) 
to  basal  area  growing  stock  was  linear  in  the  sense  that  addition  of  squared  or  cubic 
terms  to  the  basic  relationship,  y  =  a  +  bx,  did  not  give  a  statistically  significant 
reduction  in  residual  variance. 

Logical  considerations  indicate,  however,  that  all  six  of  these  relationships  cannot 
possibly  be  linear,  and  other  equation  forms  are  therefore  used  in  subsequent  analyses. 
Our  reasons  are: 

1 .  Curves  of  growth  in  relation  to  growing  stock  for  basal  area  and  volume  must  pass 
through  the  origin.  Means  of  thinned  plots  in  the  later  treatment  periods  are  not, 
however,  satisfactorily  represented  by  straight  lines  through  the  origin,  which  correspond 
to  the  equation,  y  =  bx. 

2.  Functions  for  growth  and  for  growth  percent  should  be  consistent.  A  linear  growth 
function  implies  a  curvilinear  growth  percent  function.  Conversely,  a  linear  growth 
percent  function  implies  a  curvilinear  growth  function. 

3.  Growth  rates  cannot  increase  indefinitely  with  increase  in  growing  stock. 

Because  these  stands  originally  were  either  plantations  or  exceptionally  uniform  natural 
stands,  the  controls  can  be  regarded  as  one  extreme  of  a  continuum  of  possible  stocking 
levels. 

A  satisfactory  function  should  (1)  pass  through  the  origin,  (2)  give  a  satisfactory 
statistical  fit  to  thinned  plots,  and  (3)  also  approximate  the  mean  of  control  plots.  No 
straight  line  can  do  this. 

Williamson  and  Curtis  (1984)  use  the  function,  y  =  bx  -  cx^,  to  express  the  relationship 
of  PAI  in  volume  to  volume  of  growing  stock.  This  fits  satisfactorily  and  implies  a  linear 
function  for  growth  percent  that  is  in  agreement  with  data  plots.  It  does,  however, 
frequently  give  a  rather  abrupt  maximum  near  the  upper  margin  of  the  range  of  stocking, 
which  may  or  may  not  be  real. 
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In  this  report  we  use  the  equation: 


y  =  e'^x'^e'"'*  ; 


fitted  in  the  form: 

Iny  =  a  +  binx  +  ex  ; 

to  express  the  relationships  between  growth  and  growing  stock  for  basal  area  and  for 
volume.  Compared  to  the  equation  used  by  Williamson  and  Curtis  (1984),  this  is 
somewhat  more  flexible  and  can  represent  a  relationship  with  a  maximum  while  also 
giving  a  reasonable  approximation  to  asymptotic  relationships;  it  extrapolates  more 
plausibly;  and  it  seems  to  more  nearly  approximate  uniform  variance  when  control  plots 
are  included.  In  most  instances  curves  corresponding  to  the  two  equations  differ  little, 
however,  within  the  range  of  data  for  thinned  plots. 

Shape  of  growth-growing  stock  curves  is  poorly  defined  in  the  early  treatment  periods 
because  of  the  very  limited  range  in  growing  stock  present  on  the  thinned  plots  and 
because  of  the  wide  gap  in  growing  stock  that  exists  between  thinned  plots  and  control 
plots.  This  gap  narrows  over  successive  treatment  periods,  and  definition  improves  as 
the  thinned  plots  in  some  treatments  build  up  growing  stock  and  increase  the  range  of 
growing  stock  represented.  Relationships  are  fairly  well  defined  by  the  fourth  treatment 
period  and  should  be  solidly  established  by  the  end  of  the  experiment. 

asal  Area  Growth  We  started  the  analysis  of  relationships  between  growth  and  growing  stock  with  gross 

basal  area  growth,  principally  because  we  expected  more  consistent  relationships  for  it 
than  for  volume  growth  (because  of  effects  of  errors  in  height  measurements  and  of 
sampling  errors  on  estimates  of  the  latter). 

Basal  area  Increment  as  a  function  of  basal  area. — 

Data  plots. — Within  each  installation,  values  of  periodic  annual  gross  basal  area 
increment  (dG)  were  plotted  over  mean  basal  area  for  the  period  (G)  for  all  plots 
including  controls,  by  treatment  period.  Here,  and  later,  we  use  mean  growing  stock  for 
the  period  rather  than  growing  stock  at  start  of  the  growth  period  because  this  mean 
represents  the  average  of  the  growing  stocks  that  produced  the  observed  periodic 
annual  increment.  Corresponding  midperiod  ages  are  given  in  table  1 6.  Periodic  annual 
increment  can  be  regarded  as  an  estimate  of  the  slope  of  the  yield  curve  at  the  midpoint 
of  the  growth  period,  at  which  point  growing  stock  is  approximated  by  mean  growing 
stock  for  the  period.  Mathematically,  if  the  yield  function  is  y  =  f(x),  periodic  annual 
increment  is  an  estimate  of  the  derivative  dy/dx  at  the  midperiod  value  of  x.  This 
facilitates  comparisons  among  experiments  that  have  growth  periods  of  different  lengths. 

Regressions  of  basal  area  increment  on  basal  area.— The  equation  form, 

IndG  =  a  +  bInG  +  cG  , 

can  and  in  some  instances  does  produce  curves  with  a  maximum  for  basal  areas 
intermediate  between  those  present  in  the  thinned  plots  and  in  the  controls.  (Such  a 
maximum  is  also  suggested  by  scatter  diagrams  for  the  Hoskins  and  demons  studies.) 
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Table  16 — Ages  at  midpoints  of  growth  periods-!-^ 


I 

nstallation 

Treatment 
Period 

Skykomish 

Hoskins 

Rocky  Brook 

demons 

Francis 

Iron  Creek 

Say ward 

■  -  Years  - 

TP-1  11 
TP-2 
TP-3 
TP-4 

29.5 
32.5 
36.0 
40.0 

25.0 
28.5 
31.0 
34.0 

34.5 
41.0 

24.0 
27.5 
30.5 
34.0 

19.5 
23.0 
27.0 
31.0 

24.5 
28.0 
31.5 

28.0 
32.0 

--  =  not  available. 

\j   Ages  correspond  to  curves  in  figures  17,  18,  21,  22  and  25. 

II   TP-n  =  treatment  period  "n." 


Regressions  were  fitted  to  combined  data  for  thinned  and  control  plots  for  each 
treatment  period  within  each  installation.  Corresponding  curves  are  shown  in  figure  1 9. 
Inspection  of  these  curves,  their  standard  errors  of  estimate,  and  the  corresponding 
scatter  diagrams  (not  shown)  indicated  that: 

1 .  There  are  considerable  differences  in  residual  variances  among  installations  and 
among  periods  within  installations.  In  particular,  the  data  from  demons  and  Rocky 
Brook  appear  more  variable  than  those  from  other  installations. 

2.  Curves  for  treatment  periods  2  and  3  at  Skykomish  appear  out  of  line  with  the  position 
of  the  curves  for  periods  1  and  4.  The  explanation  is  unknown. 

3.  With  the  exception  noted  in  (2),  the  fitted  curves  form  regular  sequences  over  time 
within  any  one  installation. 

Basal  area  Increment  as  a  function  of  RD. — 

Daia  plots. — Values  of  dG  were  plotted  over  values  of  the  relative  density  measure  RD 
for  each  period.  Compared  with  the  previous  plots  of  dG  against  G,  use  of  RD  as  the 
independent  variable  compresses  the  hohzontal  axis  proportional  to  Dg^  ^  in  a  manner 
such  that  a  given  value  of  RD  represents  an  approximately  constant  fraction  of 
maximum  attainable  density.  Some  users  find  a  scale  that  can  be  referenced  to  such  a 
biological  limit  to  be  simpler  and  more  readily  interpretable  than  absolute  measures  such 
as  basal  area.  Similar  results  could  be  obtained  with  any  of  the  other  common  diameter- 
based  measures  of  relative  density. 

Period  regressions. — Regressions  of  the  form, 

IndG  =  a  +  bInRD  -f  cRD  , 

were  fitted  for  each  treatment  period,  by  installations  (fig.  20).  Residuals  are  compared 
in  table  17.  On  average,  standard  errors  of  estimate  were  slightly  larger  with  this 
equation  than  with  similar  equations  using  basal  area  as  the  predictor,  but  differences 
were  not  consistent  among  installations. 
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Figure  19. — Relation  of  periodic 
annual  gross  basal  area  incre- 
ment to  growing  stock  expressed 
as  mean  basal  area  for  the  period, 
by  treatment  period,  for  all  plots: 
(A)  Skykomish,  (B)  Hoskins,  (C) 
Rocky  Brook,  (D)  demons,  (E) 
Francis,  (F)  Iron  Creek,  and  (G) 
Sayward.  Solid  lines  represent 
the  range  of  thinned  plot  values; 
dashed  lines  extend  to  the  upper 
margin  of  the  range  of  control  plot 
values.  SEE  and  R^  are  for  the 
transformed  variable  In(dG). 
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Figure  20. — Relation  of  penodic 
annual  gross  basal  area  incre- 
ment to  relative  density  expressed 
as  mean  RD  for  tfie  period,  by 
treatment  period,  for  all  plots: 
(A)  Skykomish.  (B)  Hoskins, 
(C)  Rocky  Brook,  (D)  Clemens, 
(E)  Francis,  (F)  Iron  Creek,  and 
(G)  Sayward.  Solid  lines  represent 
tfie  range  of  thinned  plot  values; 
dashed  lines  extend  to  the  upper 
margin  of  the  control  plot  values. 
SEE  and  R^  are  for  the  trans- 
formed variable  In(dG). 
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Table  17 — Comparison  of  residual  mean  squares  for 
period  regressions  of  the  form,  InG  =  blnRD+  cRD 


study 

Treatment 
period 

Degrees  of 
freedom 

Residual 
mean 
square 

Significance  1/ 
of  di  fferences 
in  mean  squares 
between  period 

Pooled  mean 

square,  all 

periods 

Skykomisn 

1 
2 
3 
4 

25 
25 
25 
25 

0.003197 
.003076 
.002444 
.002988 

Not  significant 

0.002926 

Hoskins 

1 
2 
3 
4 

24 

24 

2/  23 

24 

.001011 
.001246 
.003936 
.003274 

p  <  0.01 

.002305 

Rocky  Brook 

1 
2 

24 
24 

.006781 
.015385 

p  <  0.05 

.011083 

demons 

1 
2 
3 
4 

24 
24 
24 
24 

.010354 
.007272 
.008405 
.013508 

Not  significant 

.009886 

Francis 
Iron  Creek 

1 
2 
3 
4 
1 
2 
3 

24 
24 
24 
24 
24 
24 
24 

.001656 
.002008 
.004291 
.007844 
.001407 
.003704 
.002170 

p  <  0.01 
Not  significant 

.003950 
.002427 

Sayward 

1 
2 

24 
24 

.004182 
.008708 

Not  significant 

.006444 

1/  F-test  if  number  of  periods  is  2,   Bartlett's   test  otherwise   (Snedecor  and 
ITochran  1980,   p.   252). 

2/  One  highly  aberrant  plot  value  deleted. 


The  curves  corresponding  to  these  period  regressions  show  a  regular  progression  over 
time,  with  the  one  exception  of  treatment  periods  2  and  3  at  Skykomish.  The  sequence 
of  curves  for  any  one  installation  could  be  readily  expressed  as  a  function  either  of  RD 
and  H40  or  of  RD  and  age. 

These  curves  show  a  general  similarity,  which  strongly  suggests  that  the  family  of 
curves  representing  any  one  installation  could  be  represented  by  a  system  of  propor- 
tional curves;  that  is,  on  logarithmic  axes,  by  parallel  curves  differing  only  in  elevation. 
This  suggests  that  the  family  of  curves  can  be  represented  by  a  general  equation  of  the 
form: 

IndG  =  ai  +  a2P2  + +  a,P,  +  bInRD  +  cRD  ; 

where  the  P,  are  dummy  variables  representing  successive  periods,  and  values  of  b  and 
c  are  the  same  for  all  periods  within  an  installation. 

Installation  regressions  with  common  slopes. — Regressions  of  the  above  form  were 
fitted  to  the  pooled  data  for  each  installation.  The  hypothesis  of  common  values  of  b  and 
c  for  all  periods  was  tested  as  shown  in  table  18.  The  F-test  was  nonsignificant  in  all 
cases.  There  is  no  evidence  against  the  hypothesis  that  periods  within  each  installation 
can  be  satisfactorily  represented  by  proportional  curves.  On  logarithmic  scales,  any 
additional  terms  expressing  the  effects  of  height  or  age  would  be  additive. 
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Table  18 — Test  of  hypothesis  of  common  slopes  b  and  c,  by  installation,  in 
regressions,  IndG  =  a  +  b  InRD  +  cRD 


One  regi 

"ession. 

Due  to 

separate 

Regression  with 

Period 

regressions 

common 

slopes 

si 

opes 

F-test  3/ 

common  slopes 

Stu(ly 

SS  1./ 

df  2/ 

SS  y 

df  2/ 

SS  y 

df  2/ 

SEEindvi/ 

Skykomish 

0.2926 

100 

0.2997 

106 

0.0071 

6 

0.40  ns  5/ 

0.0532 

Hoskins 

.2234 

95 

.2335 

101 

.0101 

6 

.72  ns 

.0481 

Rocky  Brook 

.5320 

48 

.5535 

50 

.0215 

2 

.97  ns 

.1052 

demons 

.9489 

96 

.9667 

102 

.0178 

6 

.30  ns 

.0974 

Francis 

.3792 

96 

.4046 

102 

.0254 

6 

1.07  ns 

.0630 

Iron  Creek 

.1748 

72 

.1989 

76 

.0241 

4 

2.49  ns 

.0512 

Sayward 

.3094 

48 

.3246 

50 

.0152 

2 

1.18  ns 

.0806 

1/  SS  =  sum  of  squares. 

2/  df  =  degrees  of  freedom. 

3^/  F  =  (SS,  separate  s1opes)/(df,  separate  slopes)  .  MS,  separate  slopes 

(SS,  period  regressions)/(df ,  periods)     MS,  period  regressions 

4/  SEEindB  =  standard  error  of  estimate  of  IndG. 

5^/  ns  =  p  >  0.05. 

Comparisons  among  installation  regressions.— G\\/en  these  installation  regressions 
of  the  form: 

IndG  =  a  +  bInRD  +  cRD  ; 

in  which  a  is  a  function  of  period,  shapes  of  the  installation  curves  can  be  graphically 
compared  by  adjusting  the  value  of  a  so  that  all  curves  pass  through  a  common  point. 
This  is  done  in  figure  21  using  an  RD  value  of  50  (RD50  in  the  notation  used  hereafter) 
as  the  reference  point.  Each  curve  corresponds  to  an  equation: 

InY  =  a    +  bInRD  +  cRD  ; 

in  which  b  and  c  are  the  estimates  of  common  coefficients  previously  obtained  and: 

a     =  ln(1.0)  -  bln(50)  -  c(50)  . 

Y  is  then  the  ratio  of  estimated  basal  area  growth  rate  to  the  rate  expected  when  RD  is 
50.  RD50  was  chosen  as  the  reference  point  because  this  is  about  the  upper  margin  of 
the  range  in  midperiod  RD  now  present  in  the  thinned  plots.  Beyond  this,  curves  are 
determined  by  the  control  plots,  which  are  more  variable  and  differ  considerably  in 
characteristics  among  installations. 

Figure  21  shows  that  these  curves  are  very  similar  in  shape  within  the  range  of  RD  of 
practical  concern  in  thinning;  that  is,  RD20  to  RD60.  The  major  exceptions  are  the 
demons  study  and,  to  a  lesser  extent.  Rocky  Brook.  There  are  only  two  treatment 
periods  available  for  Rocky  Brook  and  as  yet  the  thinned  plots  represent  only  a  narrow 
range  of  densities;  therefore,  the  shape  of  the  curve  is  not  well  determined.  Clemens 
appears  distinctly  different;  one  more  of  several  indications  that  the  Clemens  study 
differs  from  others  in  some  undetermined  way. 
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gure  21 . — Comparison  of 
lapes  of  installation  curves 
idG  =  a,  +  bInRD  +  cRD) 
ted  with  common  slopes  for  all 
jrlods  within  a  single  installation, 
stimates  expressed  as  ratios  of 
jtimated  dG  to  expected  dG  for 
D50. 
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A  single  regression  for  combined  data. — A  single  regression  with  common  b  and  c 
coefficients  and  withi  periods  represented  by  dummy  variables  was  fitted  to  all  data 
exclusive  of  the  Clemons  and  Rocky  Brook  studies.  Standard  error  of  estimate  was 
0.0592.  The  dashed  line  in  figure  22  is  derived  from  this  regression,  and  has  the 
equation: 


where: 


Y  =  EXP[-3.11426  +  0.96139(lnRD)  -  0.013860(RD)] 


Y  =  dG/(dGes,  for  RD70) 


Because  variances  are  not  homogeneous,  significance  of  differences  among  individual 
installation  curves  cannot  be  tested.  It  seems  clear,  however,  that  this  is  a  good  average 
of  the  individual  installation  curves. 

The  solid  line  in  figure  22  represents  a  similar  curve  derived  from  a  regression  fitted  to 
all  data,  including  Clemons^and  Rocky  Brook.  Although  the  Clemons  and  Rocky  Brook 
curves  diverge  from  the  others  and  the  differences  for  Clemons  are  probably  real, 
inclusion  of  the  additional  data  alters  shape  and  position  of  the  average  curve  only 
slightly,  while  it  increases  the  standard  error  of  estimate  to  0.0791 . 

The  solid  curve  in  figure  22  has  the  equation: 

Y  =  EXP[- 2.71 189  +  0.81768(lnRD)       0.010886(RD)]  . 
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Figure  22. — Ratio  of  estimated 
dG  to  expected  dG  tor  RD70, 
based  on  thie  regression 
(IndG  =  a,  +  bInRD  +  cRD) 
fitted  to  combined  data  under  the 
assumption  of  common  b  and  c 
coefficients  for  all  installations 
and  periods. 
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RD70  is  used  as  the  reference  point  in  figure  22  rather  than  the  RD50  from  the  preceding 
section,  because  RD70  corresponds  to  "normal"  in  the  DFSIM  yield  tables  (Curtis  and 
others  1981).  Those  accustomed  to  thinking  in  terms  of  normality  can  convert  the  RD 
scale  to  a  normality  ratio  by  dividing  by  70. 

Because  little  mortality  occurs  below  RD  values  of  about  60,  there  is  little  difference 
between  gross  and  net  increment  rates  within  the  density  range  of  concern  in  thinning. 

These  average  curves  are  of  interest  from  two  standpoints:  First,  the  curves  are 
relatively  flat  topped  and  indicate  a  considerable  range  of  densities  within  which  there 
is  relatively  little  difference  in  basal  area  growth.  (This  differs  considerably  from  the 
behavior  of  volume  increment,  as  will  be  shown  later.)  Second,  for  plots  comparable  in 
other  respects,  the  average  curves  provide  an  estimate  of  the  relative  rates  of  basal  area 
growth  associated  with  different  levels  of  stocking,  as  expressed  by  RD. 

Volume  Increment  as  a  function  of  volume. — The  equation: 

Iny  =  a  +  binx  +  ex  ; 

previously  used  to  express  gross  basal  area  increment  as  a  function  of  basal  area,  also 
provided  a  satisfactory  expression  of  the  relationship  between  gross  volume  increment 
and  volume  of  growing  stock. 

Curves  corresponding  to  period  regressions  are  shown  in  figure  23;  standard  errors  of 
estimate  are  given  in  table  1 9  for  comparison  with  alternate  regressions.  These  standard 
errors  of  estimate  are  generally  lower  than  are  those  obtained  using  alternate  measures 
of  growing  stock  or  stand  density.  Trends  over  time,  within  an  installation,  resemble 
those  for  basal  area  growth.  Slopes  relative  to  growing  stock  are  steeper,  with  growth 
increasing  with  growing  stock  to — in  most  cases — the  upper  limits  of  the  data.  The 
sequence  of  curves  over  time  is  somewhat  less  regular  than  for  basal  area.  In  particular, 
the  curve  for  treatment  period  3  at  Hoskins  is  obviously  inconsistent  with  the  other 
curves  for  this  installation;  this  suggests  possible  errors  in  the  height  estimates  for  this 
2-year  period. 
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Figure  23. — Relation  of  periodic 
annual  gross  volume  increment  to 
period  mean  volume,  by  treatment 
period,  for  all  plots: 
(A)  Skykomisfi,  (B)  Hoskins, 
(C)  Rocky  Brook,  (D)  Clemons, 
(E)  Francis,  (F)  Iron  Creek,  and 
(G)  Sayward  Solid  lines  represent 
the  range  of  thinned  plot  values; 
dashed  lines  extend  to  the  upper 
margin  of  the  range  of  control 
plots.  SEE  and  R'  are  for  the 
transformed  vanable  In(dV). 


Table  19 — Standard  errors  of  estimate  of  some 
regressions,  IndV  =  f(X|),  by  periods 


IndV  = 

IndV  = 

IndV  . 

IndV  = 

Stud^' 

Period 

a*blnVtcV 

a*b)nG*cG 

a^blnRD^cRD 

a*blnRD+RD+ln(Hi/Hiii) 

Skykomish 

1 

0.0361 

0.0434 

0.0518 

0.0417 

2 

.0526 

.0534 

.0604 

.0554 

J 

.0530 

.0475 

.0457 

.0456 

4 

.0837 

.0869 

.0801 

.0819 

Hoskins 

1 

.0479 

.0497 

.0565 

.0497 

2 

.0487 

.0522 

.0603 

.0533 

3 

.0880 

.0956 

.1019 

.0946 

4 

.0471 

.0438 

.0434 

.0440 

Rocky  Brook 

1 

.0854 

.1489 

.1705 

.1146 

2 

.1022 

.1565 

.1803 

.1391 

demons 

1 

.0736 

.0845 

.1017 

.1011 

2 

.0671 

.0794 

.0939 

.0934 

3 

.1086 

.1165 

.1240 

.1247 

4 

.1033 

.0983 

.1030 

.1042 

Francis 

1 

.0442 

.0608 

.0729 

.0483 

2 

.0365 

.0540 

.0730 

.0597 

3 

.0592 

.0626 

.0650 

.0650 

4 

.0871 

.0810 

.0775 

.0778 

Iron  Creek 

1 

.0561 

.0852 

.0952 

.0657 

2 

.0562 

.0597 

.0716 

.0605 

3 

.0571 

.0695 

.0792 

.0754 

Sayward 

1 

.0465 

.0648 

.0862 

.0566 

2 

.1152 

.1354 

.1488 

.1188 

Volume  increment  as  a  function  of  basal  area. — Periodic  annual  increments  in  gross 
volume  (dV)  were  plotted  against  mean  period  basal  areas,  by  periods.  Corresponding 
regressions  of  the  form: 

IndV  =  a  +  bInG  +  cG  ; 

were  fitted.  There  was  generally  a  well-defined  relationship  within  periods,  although 
standard  errors  of  estimate  were  larger  for  these  regressions  than  for  regressions  using 
volume  as  the  independent  variable  (table  1 9).  The  period  curves  (not  shown)  appeared 
more  or  less  parallel  within  each  installation.  In  a  general  way,  curve  elevations  tended 
to  decrease  over  time,  although  this  trend  was  much  more  irregular  than  for  the  curves 
of  basal  area  growth  over  basal  area  and  of  volume  growth  over  volume. 

Volume  increment  as  a  function  of  RD. — 

Data  plots  and  period  regressions. — When  volume  growth  was  plotted  over  RD,  the 
scatter  diagrams  (not  shown)  resembled  those  for  dV  over  G,  except  for  lateral  shifts  in 
position  produced  by  the  transformation  of  the  horizontal  axis.  Regressions  of  the  form: 

IndV  =  a  +  bInRD  +  cRD  ; 

were  fitted.  In  most  cases  standard  errors  of  estimate  (table  1 9)  were  slightly  larger  than 
those  for  the  corresponding  regressions  that  used  basal  area  as  the  independent 
variable;  this  was  markedly  so  for  Sayward,  Clemens,  and  Rocky  Brook. 
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Differences  in  height  among  plots,  which  are  associated  with  differences  in  site  among 
plots,  could  have  some  effect  on  both  the  dV  -  f(G)  and  the  dV  =  f(RD)  relationships, 
and  could  contribute  to  unexplained  variation.  The  dV      f(RD)  relationship  may  also  be 
influenced  through  the  probable  association  of  height  differences  with  differences  in  the 
diameter  used  as  the  divisor  in  RD. 

An  additional  independent  variable,  ln(Hi/Hm),  was  included  in  the  regressions  to 
remove  possible  effects  of  plot  differences  in  H40.  Hi  was  individual  plot  estimated  H40, 
and  Hm  was  the  installation  mean  of  such  estimates.  For  the  average  condition  in  an 
installation,  the  term,  ln(Hi/Hm),  becomes  zero. 

The  resulting  curves  (fig.  24)  were  nearly  identical  with  those  previously  obtained,  but 
there  was  a  marked  reduction  in  standard  errors  of  estimate,  especially  for  Sayward  and 
Rocky  Brook  (table  1 9).  Estimates  were  not  Improved  for  Clemons;  this  may  reflect  the 
small  height  samples  in  this  study,  which  required  that  height  samples  be  pooled  for  all 
plots  in  a  given  treatment,  and  probably  results  in  poor  estimates  of  individual  plot  H40. 

Very  similar  standard  errors  of  estimate  were  obtained  in  parallel  sets  of  regressions 
(not  shown),  which  used  basal  area  in  combination  with  ln(Hi/Hm). 

Comparison  of  variances. — Residual  mean  squares  from  the  regressions,  IndV  =  a 
+  bInRD  +  cRD  +  dln(Hi/Hm),  were  tested  for  homogeneity,  within  installations. 
Differences  among  period  mean  squares  were  significant  for  Sayward,  Hoskins,  and 
Skykomish,  and  nonsignificant  for  all  other  studies.  Significance  of  differences  for 
Hoskins  is  a  result  of  treatment  period  3;  for  Skykomish,  treatment  period  4. 

Period  residual  sums  of  squares  were  then  pooled  to  calculate  installation  mean 
squares.  Differences  among  installations  were  highly  significant.  Rocky  Brook  and 
Clemons  in  particular  had  much  higher  variances  than  did  other  installations. 

Installation  regressions  with  common  slopes. — Comparison  of  the  curves,  dV 
=  f(G),  with  corresponding  curves,  dV  =  f(RD),  for  successive  periods  within  installa- 
tions suggested  that  the  change  to  the  variable  RD  tended  to  (1 )  shift  curves  into  a  more 
nearly  coincident  position,  and  (2)  produce  curves  that  appeared  more  nearly  propor- 
tional to  each  other.  This  suggested  that,  as  with  basal  area  growth,  the  curves 
corresponding  to  the  regressions: 

IndV  =  a  +  b  InRD  +  cRD  +  dln(Hi/Hm)  ; 

can  be  regarded  as  a  series  of  proportional  curves,  at  least  for  the  limited  range  of  ages 
represented  by  these  data.  On  logarithmic  scales  the  elevation  coefficient  a  varies 
among  pehods  and  among  installations,  while  the  other  coefficients  can  be  regarded  as 
constants. 

Regressions  of  the  form: 

IndV  =  a^  +  a2P2  -h.  .  .  +  aiP,  -^  bInRD  4   cRD   f  dln(Hi/Hm)  ; 

were  fitted  to  pooled  data  for  installations.  The  P,  are  dummy  variables  representing 
successive  periods. 
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Figure  24. — Relation  of  periodic 
annual  gross  volume  increment  to 
relative  density  expressed  by  RD, 
by  treatment  period,  for  all  plots: 
(A)  Skykomish,  (B)  Hoskins, 
(C)  Rocky  Brook,  (D)  Clemens, 
(E)  Francis,  (F)  iron  Creek,  and 
(G)  Sayward.  Solid  lines  represent 
the  range  of  thinned  plot  values; 
dashed  lines  extend  to  the  upper 
margin  of  the  range  of  control 
plots.  SEE  and  R    are  for  the 
transformed  variable  In(dV). 
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Table  20 — Test  of  hypothesis  of  common  slopes,  b,  c,  and  d,  by  installation,  in 
regressions,  IndV  =  a  +  bInRD  +  cRD  +  dln(Hi/Hm) 


One  regression, 

Separate 

Regression  with 

Per-jod  reg 

ressions 

conmon  slopes 

slopes 

F-test  3/ 

i/ 

common  slopes 

study 

SS  \J 

df  2/ 

SS  y         df  2/ 

SS  \l       df  2/ 

SEEindV  5/ 

Skykomish 

0.326329 

96 

0.424567    105 

0.098239 

9 

3.21  ** 

0.0636 

Hoskins 

.363544 

91 

.398470    100 

.034926 

9 

.97  ns 

.0631 

Rocky  Brook 

.707564 

46 

.728500     49 

.020933 

3 

.45  ns 

.1219 

demons 

1.043124 

92 

1.164920    101 

.121795 

9 

1.19  ns 

.1074 

Francis 

.364075 

92 

.398296    101 

.034221 

9 

.96  ns 

.0628 

Iron  Creek 

.346620 

69 

.378826     75 

.032206 

6 

1.07  ns 

.0711 

Say ward 

.396480 

46 

.412110     49 

.015629 

3 

.65  ns 

.0917 

y   SS  =  sum  of  squares. 

2/  df  =  degrees  of  freedom. 

3^/  F  =  (SS,  separate  slopes)/(df,  separate  slopes)  _  MS,  separate  slopes 

(SS,  period  regressions)/(df ,  periods)     MS,  period  regressions 

4/  ns  =  p  >  0.U5;  **  =  p  <  0.01. 

V  SEEindV  =  standard  error  of  estimate  of  IndV. 


The  hypothesis  of  common  slopes  was  tested  as  shown  in  table  20.  Differences  in 
slopes  among  periods  within  an  installation  were  nonsignificant  for  all  installations 
except  Skykomish.  The  period  curves  show  clearly  that  the  significant  result  for 
Skykomish  arose  from  treatment  period  3,  for  which  the  curve  is  odd  in  both  shape  and 
elevation. 


Comparisons  among  installation  regressions. — The  resulting  installation  regressions 
were  transformed  and  graphed  as  shown  in  figure  25,  in  which  the  y-variable  is  ratio  of 
predicted  dV  for  a  given  RD,  to  the  dV  predicted  for  RD50.  This  transformation,  which 
causes  all  curves  to  pass  through  a  common  point,  y  =  1 .0  at  RD50,  allows  a  visual 
comparison  of  curve  shapes.  As  before,  the  reference  value  RD  =  50  approximates  the 
upper  margin  of  the  range  in  midperiod  RD  now  present  in  the  thinned  plot  data. 

Because  variances  were  not  homogeneous,  differences  among  installation  curves  could 
not  be  tested  statistically.  It  seemed  clear,  however,  that  curves  for  all  installations 
except  Rocky  Brook  and  demons  could  reasonably  be  represented  by  a  single  curve, 
as  done  previously  for  basal  area  growth;  and  that  even  inclusion  of  Rocky  Brook  and 
demons  in  the  calculation  of  such  a  curve  would  not  materially  alter  the  results. 


Figure  25. — Comparison  of 
shapes  of  installation  curves 
(IndV  =  a,  +  bInRD  +  cRD 
+  clln(Hi/Hm))  fitted  with  common 
slopes  for  periods  within  a  single 
installation.  Estimates  expressed 
as  ratios  of  estimated  dV  to 
expected  dV  for  RD50. 
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A  single  regression  for  combined  data. — A  regression: 


IndV  =  ai  +  apP 


2'    2 


+  a,Pi  +  bInRD  +  cRD  +  dln(Hi/Hm)  ; 


in  which  the  P,  represent  periods,  was  fitted  to  the  combined  data  for  all  installations. 
The  resulting  equation  (standard  error  of  estimate  0.0888)  can  be  transformed  and 
plotted  as  shown  in  figure  26,  in  which  form  the  curve  passes  through  the  point  y  =  1 .0 
at  RD70  (value  of  70  was  selected  because  this  represents  "normal,"  traditionally  a 
widely  used  reference  point).  The  equation  corresponding  to  the  curve  in  figure  26  is: 

y  =  EXP(- 3.029434  +  0.837763  InRD  -  0.00756852  RD)  . 

When  expressed  in  this  form,  the  curve  provides  an  estimate  of  periodic  annual 
increment  in  gross  volume  for  a  given  RD,  expressed  as  a  fraction  of  that  expected  foi 
RD70. 


Diameter  Growth, 
Basal  Area,  and  RD 


The  corresponding,  previously  derived  curve  for  basal  area  is  shown  as  the  dashed 
curve  in  figure  26  (for  use  in  later  comparisons). 

Net  periodic  annual  increment  in  quadratic  mean  diameter  of  all  trees  (dD),  is  the  net 
change  from  the  start  of  the  period  (after  thinning)  to  the  end  of  the  period  (before 
thinning).  Change  due  to  removal  of  trees  is  excluded,  but  change  due  to  mortality  is 
not.  The  latter  is  negligible  on  most  thinned  plots. 
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Figure  26 — Ratio  of  estimated 
periodic  annual  incremenl  in 
gross  volume  (dV)  to  dV  expected 
for  RD70,  based  on  the  regression 
(IndV  =  a,  +  bInRD  +  cRD  - 
dln{Hi  Hm))  fitted  to  combined 
data,  assuming  common  slopes 
for  all  installations  and  periods, 
Dasfied  line  represents  similar 
curve  for  gross  basal  area 
increment 


Diameter  increment  in  relation  to  basal  area. — 

Data  plots. — Values  of  dD  were  plotted  over  period  mean  basal  area  by  periods.  In 
many  but  not  all  cases,  the  relationship  appeared  approximately  linear.  The  curvilinearity 
apparent  in  some  instances  arose  mainly  from  the  control  plots.  The  scatter  diagrams 
(not  shown)  suggested  that,  if  only  thinned  plots  were  considered,  the  relationship  might 
be  satisfactorily  approximated  by  straight  lines;  this  would  be  expected  from  the 
previous  ANOVA  results. 

Period  regressions. — Regressions  of  the  form: 

dD  -  a  +  bG  +  cG^  ; 


were  fitted  to  all  plots  by  pehods.  The  squared  term  was  significant  (p 
of  23  periods,  which  indicated  that  it  should  not  be  omitted. 


0.05)  in  7  out 


The  corresponding  curves  (not  shown)  gave  an  impression  that  if  only  thinned  plots 
were  included,  relationships  could  be  represented  by  a  series  of  parallel  lines.  There 
seemed  to  be  no  consistent  order  of  elevations  by  periods,  however;  and  the  portions 
of  the  curves  that  included  the  control  plots  were  irregular  in  shape  and  position. 

Diameter  increment  as  a  function  of  RD. — 

Data  plots. — Scatter  diagrams  of  dD  over  RD  (not  shown)  indicated  a  strongly  cur- 
vilinear relationship,  which  was  linearized  by  transformation  of  dD  to  IndD. 

Period  regressions. — An  appropriate  equation  form  appeared  to  be: 

IndD  -  a  +  bRD  +  cln(Hi/Hm)  . 

The  square  of  RD  was  significant  in  only  3  of  23  periods  and  in  no  more  than  1  pehod 
in  any  one  installation;  it  was  therefore  omitted.  ln(Hi  Hm)  was  significant  in  7  of 
23  periods,  including  all  periods  at  Sayward  and  Rocky  Brook,  and  has  therefore  been 
included. 
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Regressions  of  this  form  were  fitted  for  each  period,  and  corresponding  curves  are 
shown  in  figure  27.  As  with  previous  curves  for  basal  area  growth  and  for  volume  growth, 
these  curves  suggest  that — at  least  within  the  limited  range  of  ages  and  heights 
represented — curves  for  successive  periods  can  be  regarded  as  proportional. 

Installation  regressions  with  common  slopes. — A  test  of  the  hypothesis  of  common 
slopes  (table  21)  showed  no  significant  difference  among  periods  for  six  of  the  seven 
installations.  The  one  exception  was  Rocky  Brook,  for  which  only  two  periods  are 
available.  It  therefore  appears  that  the  relationships  within  each  installation  can  be 
represented  by  logarithmic  curves  differing  only  in  elevation  (proportional  curves  on 
untransformed  scales). 

A  single  regression  was  fitted  to  all  periods,  within  each  installation,  of  the  form: 

IndD  =  ai  +  a2P2  +  ....  +  a,P,  +  bRD  +  cln(Hi/Hm)  ; 

in  which  the  P,  are  dummy  variables  representing  individual  periods  within  the 
installation. 

Comparisons  among  installation  regressions. — Shapes  of  the  curves  corresponding 
to  these  installation  regressions  are  compared  in  figure  28,  where  the  ordinate  is  the 
ratio  of  estimated  dD  for  a  given  RD  to  the  corresponding  dD  estimate  for  RD50.  Shapes 
of  installation  curves  appear  very  similar.  It  seems  reasonable  to  generalize  the 
relationship  by  combining  these  installation  curves  into  one  average  curve. 

A  single  regression  for  combined  data. — A  single  regression  of  the  same  general 
form  was  fitted  to  all  data  combined,  with  periods  and  installations  represented  by 
dummy  variables.  The  curve  corresponding  to  this  regression  (standard  error  of 
estimate  of  regression  =  0.1022),  after  transformation,  is  shown  in  figure  29.  This  is 
scaled  relative  to  RD70,  which — as  the  "normal"  of  Curtis  and  others  (1981) — provides 
a  convenient  reference  point.  The  equation  of  this  transformed  curve  is: 

y  =  EXP(1. 46650  -  0.020950  RD)  ; 
where: 

y  =  dD/(dDest  for  RD70)  . 

This  curve  provides  an  estimate  of  the  expected  diameter  growth  rate  of  such  thinned 
stands  relative  to  unthinned  "normal"  stands  that  are  comparable  in  origin,  age,  and 
height.  Thus,  a  thinned  stand  at  an  average  density  of  RD50  is  expected  to  grow  about 
50  percent  faster  in  diameter  than  the  normal  stand;  one  at  RD35  will  grow  about  twice 
as  fast  as  the  normal  stand.  There  must  be  a  maximum  diameter  growth  rate  attained 
at  very  low  stand  densities,  where  trees  are  growing  essentially  without  competition,  and 
this  curve  (fig.  29)  should  not  be  extrapolated  to  densities  below  about  RD20. 
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Figure  27. — Relation  of  periodic 
annual  diameter  increment  to  RD, 
as  expressed  by  period  regres- 
sions (IndD  =  a  -(-  bRD 
-I-  cln(Hi  Hm)),  for  all  plots: 
(A)  Skykomishi,  (B)  Hoskins, 
(C)  Rocky  Brook,  (D)  demons. 
(E)  Francis,  (F)  Iron  Creek,  and 
(G)  Sayward  Solid  line  represents 
range  of  thinned  plot  values; 
dashed  lines  extend  to  upper 
margin  of  the  range  of  control 
plots.  SEE  and  R    are  for  the 
transformed  vanable  In(dD). 
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Table  21— Test  of  hypothesis  of  common  slopes,  b  and  c,  by  Installation,  in 
regressions,  IndD  =  a  +  bRD  +  cln(Hi/Hm) 


One  regression, 

Separa 

te 

Regression  with 

Period  reg 

ressions 

common  s 

opes 

slope 

F-test  3/ 

i/ 

common  slopes 

study 

SS  \l 

df  2/ 

SS  1/ 

df  2/ 

SS  \J 

df  2/ 

SEEindD 

Skykomish 

0.462413 

100 

0.501773 

106 

0.039356 

6 

1.4  ns 

0.0688 

Hoskins 

.379595 

95 

.396767 

101 

.017172 

6 

.7  ns 

.0627 

Rocky  Brook 

.851142 

48 

1.076919 

50 

.225776 

2 

6.4  ** 

.1468 

Clemons 

1.582961 

96 

1.645569 

102 

.062608 

6 

.6  ns 

.1270 

Francis 

.795141 

96 

.841666 

102 

.046525 

5 

.9  ns 

.0908 

Iron  Creek 

.541484 

72 

.582634 

76 

.041151 

4 

1.4  ns 

.0876 

Sayward 

.219347 

48 

.241476 

50 

.022129 

2 

2.4  ns 

.0695 

1_/  SS  =  sum  of  squares. 

2/  df  =  degrees  of  freedom. 

y     ?  =   (SS,  separate  s1opes)/(df,  separate  slopes)  ^  MS,  separate  slopes  . 
(SS,  period  reyressions)/(d.f . ,  periods)    MS,  period  regressions 

4/  ns  =  p  >  0.U5;  **  =  p  s  0.01. 

5/   SEE]^(jL)  =   standard  error  of   IndD. 
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Figure  28. — Comparison  of 
shapes  of  installation  curves 
(IndD  =  a,  +  bRD  +  cln(Hi/Hm)) 
fitted  with  common  slopes  for  all 
periods  within  a  single  installation. 
Estimates  expressed  as  ratios  of 
estimated  dD  to  expected  dD  for 
RD50. 
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Figure  29. — Ratio  of  estimated 
periodic  annual  Increment  in 
diameter  (dD)  to  expected  dD  for 
RD70,  based  on  the  regression 
(IndD  =  a,  +  bRD  +  cln(Hi/Hm)) 
^Q  fitted  to  combined  data  assuming 
common  slopes  for  all  installations 
and  periods. 
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irowth,  Height,  and  It  has  been  shown  that  growth  for  individual  periods  can  be  expressed  as  functions  of 

leight  Increment  growing  stock: 

IndV  =  a  +  bInV  +  cV,  and 
IndG  =  a  +  bInG  +  cG. 

Within  any  given  installation,  these  curves  form  a  progression  over  time  (and  height)  that 
could  be  represented  by  similar  functions  in  which  the  coefficients  are  functions  of 
height.  It  seemed  plausible  that  a  common  relationship,  allowing  generalization  across 
installations  and  sites,  might  be  obtained  by  expressing  growth  as  increment  per  unit  of 
height  growth,  rather  than  per  unit  of  time;  that  is: 

ln(dV/dH)  =  a  +  bInV  +  cV,  and 
ln(dG/dH)  -  a  +  bInG  +  cG; 

where  one  or  more  of  the  coefficients,  a,  b,  or  c,  are  functions  of  height. 

Estimates  of  individual  plot  dH  were  clearly  too  erratic  to  be  useful.  In  the  following 
comparisons  we  used  smoothed  estimates,  obtained  by  differentiating  equations  H  =  a 
+  b(Age)  +  c(Age)^,  which  had  been  fitted  to  means  of  H40  and  age  for  successive 
periods,  separately  for  each  installation. 

Regressions  having  ln(dV/dH)  and  In(dG'dH)  as  dependent  variables  and  with  coeffi- 
cients expressed  as  functions  of  H40,  were  fitted  to  the  combined  measurements  for 
(1)  the  five  site  II  installations;  (2)  Skykomish,  Hoskins,  Francis,  and  Iron  Creek  only; 
and  (3)  all  seven  installations.  Resulting  estimates  were  graphed  in  the  same  manner 
as  the  previous  regressions  for  individual  periods. 

Comparisons  with  the  individual  period  curves  (figs.  19  and  23)  for  volume  growth  and 
for  basal  area  growth  showed  that: 

1.  Regressions  fitted  to  combined  data  for  the  five  site  II  installations  provided  a  good 
representation  for  Skykomish,  Hoskins,  Francis,  and  Iron  Creek.  Growth  rates  were 
seriously  overestimated  for  Clemons. 

2.  Regressions  fitted  to  the  four  site  II  installations  other  than  Clemons  provided  an 
excellent  approximation  to  the  individual  period  curves  for  these  installations,  aside  from 
occasional  anomalies  in  individual  period  curves  (which  could  not  be  well  represented 
by  any  overall  equation). 

3.  When  regressions  were  fitted  to  combined  data  for  all  seven  installations,  the  Rocky 
Brook  and  Sayward  data,  as  well  as  those  for  Clemons,  differed  considerably  from 
estimates.  There  were,  however,  only  two  treatment  periods  available  at  Rocky  Brook 
and  Sayward,  a  very  weak  basis  for  conclusions. 

This  approach  seems  attractive  as  a  possible  means  of  generalizing  results  and  is  well 
suited  to  future  applications  of  growth  functions.  Results  of  these  trials  are  inconclusive. 
The  procedure  worked  well  for  four  of  five  site  II  installations.  Although  it  did  not  work 
well  for  Clemons,  other  analyses  also  indicate  that  Clemons  is  in  some  way  different. 
There  are  too  little  data  now  available  from  the  poorer  sites  to  draw  any  conclusion  about 
the  applicability  of  the  procedure  across  a  range  of  sites.  This  approach  should  be 
further  examined  when  more  data  are  available  from  the  installations  on  the  poorer  sites. 
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Comparisons  of 
Diameter  Growth  by 
Stand  Components 


It  has  been  shown  previously  that  increment  in  quadratic  mean  diameter  of  all  trees  is 
strongly  related  to  growing  stock  (treatment).  Because  those  treatments  with  higher 
stocking  levels  also  retain  more  of  the  initially  smaller  trees,  one  may  ask  whether  effects 
of  treatment  and  stocking  level  on  growth  of  a  fixed  number  of  largest  trees,  or  on  growth 
of  crop  trees,  are  similar  to  the  effects  on  growth  of  all  trees. 

Comparisons  in  this  section  are  limited  to  the  four  installations  for  which  data  are 
available  through  the  fourth  treatment  period — Skykomish,  Hoskins,  Clemens,  and 
Francis. 


Comparisons  of  Yields 


Periodic  diameter  increments  of  the  largest  40  trees  per  acre,  of  crop  trees,  and  of  all 
trees,  were  summed  over  all  periods  (calibration  plus  four  treatment  periods)  to  give  the 
results  shown  in  figure  30.  This  computation  excludes  changes  in  average  diameter 
caused  by  removal  of  small  trees  in  thinning  and  is  not  the  same  as  the  difference 
between  average  diameters  of  the  specified  grouping  of  trees  at  the  beginning  of  the 
calibration  period  and  the  end  of  the  fourth  treatment  period.  The  diameter  increments 
shown  represent  real  growth,  except  for  changes  caused  by  mortality  (negligible  except 
for  the  "all  trees"  component  in  the  controls). 

Figure  30  shows  generally  consistent  trends  across  treatments.  In  the  fixed  percentage 
treatments,  the  general  ranking  is  1  is  greater  than  3  is  greater  than  5  is  greater  than  7; 
in  the  increasing  percentage  treatments,  2  is  greater  than  4;  in  the  decreasing  percen- 
tage treatments,  6  is  greater  than  8.  Trends  for  all  three  stand  components  appear 
similar.  Results  for  Skykomish  are  inconsistent  with  the  other  three  installations  in  that 
the  positions  of  treatment  7  vs.  5  and  of  4  vs.  2  are  reversed.  Differences  among 
treatments  are  also  less  than  in  the  other  three  installations.  The  explanation  is 
unknown,  although  difference  in  species  composition  is  a  possible  factor. 

Because  treatments  1  through  8  are  identical  through  the  calibration  period  and 
differences  in  growing  stock  develop  gradually  thereafter,  differences  in  diameter  growth 
are  small  at  first  and  increase  in  later  periods.  Figure  31  shows  diameter  growth  during 
the  fourth  treatment  period  for  the  largest  40  trees  per  acre,  for  crop  trees,  and  for  all 
surviving  trees.  Differences  are  much  more  striking  than  in  tfie  cumulative  totals  of  the 
previous  figures,  and  the  ranking  of  treatments  at  Skykomish  is  consistent  with  the  other 
installations  even  though  differences  are  less.  It  is  apparent  that  differences  among 
treatments  are  increasing  rapidly  as  the  stands  develop,  and  that  even  the  largest  trees 
are  being  strongly  influenced  by  thinning  treatments. 

We  made  graphic  comparisons  of  treatment  means  among  installations  and  treatments. 
Rocky  Brook  and  Sayward  were  omitted  because  these  studies  are  not  yet  far  enough 
into  the  thinning  sequence  to  provide  results  that  can  be  readily  compared  with  those 
from  the  more  advanced  studies.  Although  Iron  Creek  was  included,  this  study  extends 
only  through  the  third  treatment  period;  data  through  the  fourth  treatment  period  were 
available  for  the  other  four  studies. 
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Figure  31 . — Periodic  diameter 
increment  of  the  largest  40  trees 
per  acre,  crop  trees,  and  all 
surviving  trees,  for  fourth  treat- 
ment period:  (A)  Skykomish, 
(B)  Hoskins,  (C)  demons,  and 
(D)  Francis. 
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Gross  volume  yields. —  Gross  cubic  volume  yields  (including  mortality)  for  all  trees 
1 .6  inches  d.b.h.  and  larger  are  given  in  table  46  (appendix).  Material  removed  in  the 
calibration  cut  has  been  omitted.  Relation  of  these  gross  yields  to  attained  H40  is  shown 
in  figure  32  for  the  fixed  treatments  (1 ,  3,  5,  and  7).  Trends  are  generally  similar  among 
installations,  with  gross  yields  by  treatments  diverging  sharply  in  the  later  treatment 
periods.  Clemons  differs  from  the  other  installations  in  that  gross  yields  for  a  given  H40 
are  lower,  and  differences  in  gross  yield  among  thinning  treatments  are  smaller,  both 
absolutely  and  relatively,  and  not  entirely  consistent. 

Quadratic  mean  diameters. — Quadratic  mean  diameters  (values  after  thinning)  are 
shown  in  table  47(appendix),  by  installation  age,  H40,  and  thinning  regime.  The  relation 
of  these  values  to  H40  is  shown  for  the  fixed  treatments  (1 ,  3,  5,  and  7)  in  figure  33. 
Again  there  are  clearly  defined  differences  among  treatments;  these  differences 
increase  sharply  in  the  third  and  fourth  treatment  periods.  Attained  diameters  for  a  given 
H40  and  treatment  are  considerably  less  at  Clemons  than  in  the  other  installations.  The 
crossing  of  trends  for  treatments  5  and  7  at  Skykomish  is  probably  associated  with 
variations  in  species  composition.  Skykomish  has  a  high  percentage  of  liemlock,  which 
is  smaller  in  average  diameter  than  the  Douglas-fir  component  (table  47,  appendix). 
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Figure  32 — Cumulative  gross 
cubic  volume  yield  In  trees 
1.6  Inches  d  b  h  and  larger 
(material  removed  in  calibration 
cut  excluded)  in  relation  to  H40, 
through  end  of  fourth  treatment 
period  at  (A)  Skykomish, 
(B)  Hoskins,  (C)  demons,  and 
(D)  Francis;  and  through  end  of 
third  treatment  period  at  (E)  Iron 
Creek,  Values  shown  for  fixed 
treatments  (1.  3,  5,  and  7)  and 
control  only. 
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Figure  33. — Quadratic  mean 
diameters  (after  thinning,  all 
species)  in  relation  to  H40, 
through  end  of  fourth  treatment 
period  at  (A)  Skykomish, 
(B)  Hoskins,  (C)  demons,  and 
(D)  Francis;  and  end  of  third 
treatment  period  at  (E)  Iron 
Creek  Values  shown  for  fixed 
treatments  (1,  3,  5,  and  7)  and 
control  only. 
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Figure  34. — Comparison  of 
trends  of  mean  annual  gross 
increment  (MAI)  in  volume  and  of 
periodic  annual  gross  increment 
(PAI)  in  volume,  in  relation  to  H40 
for  the  Francis  study:  (A)  fixed 
treatments  (1,  3,  5,  and  7);  (B) 
increasing  treatments  (1  and  4); 
and  (C)  decreasing  treatments 
(6  and  8). 


Mean  annual  increments. — PAI  and  MAI  in  gross  volume,  for  all  trees  1 .6  inches  d.b.h. 
and  larger,  are  shown  in  tables  48  and  49  (appendix).  Trends  of  MAI  and  PAI  in  relation 
to  H40  are  illustrated,  for  the  Francis  study,  in  figure  34.  Trends  for  other  installations 
are  sinnilar. 

These  trends  show  that: 


1.  After  increasing  in  early  periods,  PAI  appears  to  have  more  or  less  stabilized  in  the 
third  and  fourth  treatment  periods. 

2.  MAI  has  been  and  still  is  increasing  sharply  over  successive  penods. 

3.  By  the  fourth  treatment  period,  MAI  is  still  only  about  one-half  the  value  of  PAI  for  the 
period. 

The  fact  that  PAI  is  still  roughly  twice  MAI  clearly  shows  that  these  stands  are  still  far 
short  of  any  biologically  reasonable  rotation  age.  Differences  between  treatments  are 
increasing  rapidly,  and  even  the  end  of  the  fifth  treatment  period  will  not  provide  a  full 
evaluation  of  the  potential  differences  in  final  results  of  these  thinning  regimes. 


Volume  production  by  tree  size  classes. — Cumulative  volume  production  in  trees 
larger  than  1.6,7.6,  9.6, 11.6,  and  1 3. 6  inches  d.b.h.,  at  the  end  of  the  fourth  treatment 
period,  is  shown  in  tables  50  and  51  (appendix)  for  Skykomish,  Hoskins,  demons,  and 
Francis.  Values  shown  are  the  volume  of  live  stand  at  the  end  of  the  fourth  treatment 
period  plus  volume  of  material  removed  in  previous  thinnings,  exclusive  of  the  calibratic 
thinning.  (Material  removed  in  the  calibration  thinning  ranged  from  216  ft^/acre  at 
Francis  to  1 ,238  ft^/acre  at  Hoskins,  virtually  all  of  it  in  the  1 .6-7.5-inch  d.b.h.  class.) 

The  above  values  are  compared  in  figure  35.  Patterns  are  generally  similar  for 
Skykomish,  Hoskins,  and  Francis,  although  absolute  volumes  produced  differ  consider- 
ably. Iron  Creek  was  not  included  in  these  graphs,  but  trends  at  Iron  Creek  up  to  the  enc 
of  the  third  treatment  period  are  similar  to  Skykomish,  Hoskins,  and  Francis. 

The  lowest  levels  of  growing  stock  (regimes  1 ,  2,  and  3)  have  generally  resulted  in  majo)  I  ( 
reductions  in  both  total  volume  production  and  production  of  smaller  merchantable  ! 
material  (7.6-1 1 .5  inches  d.b.h.)  without  corresponding  gains  in  volume  of  larger  !|  j 

material.  The  higher  levels  of  growing  stock  in  regimes  5,  7,  4,  and  8  have  produced  ;  ■ 
volumes  in  trees  7.6  inches  and  larger  more  or  less  equal  to  those  of  the  controls;  ',  \ 
volumes  in  trees  1 1 .6  inches  and  larger  and  in  trees  13.6  inches  and  larger  are  far  ; 
greater  than  the  controls,  and  equal  to  or  greater  than  the  volumes  produced  in  the  '  : 
low-density  regimes.  [ 

]  i 
demons  is  again  different.  Not  only  is  total  production  less  at  demons  than  at  the  other ; 
three  installations  shown,  but  there  has  been  little  apparent  volume  growth  response  to 
differences  among  thinning  treatments.  The  control  has  a  volume  in  trees  13.6  inches  i 
and  larger  equal  to  or  greater  than  all  but  one  of  the  thinning  treatments,  and  a  volume 
in  trees  9.6  inches  and  larger  about  the  same  as  in  the  thinning  treatments.  This 
represents,  in  part,  a  lack  of  response  to  thinning — as  is  evident  when  one  compares  ; 
results  of  treatments  1,3,5,  and  7.  It  is  probably  also  another  indication  (consistent  with'  i  p^ 
differences  in  diameter  distributions  and  H40  for  control  vs.  thinned,  as  noted  previously  i-  « 
that  the  calibration  thinning  at  demons  removed  more  of  the  larger  trees  than  was  th*?'  "i 
case  in  other  studies.  j 

ID 

Comparisons  Differences  among  installations  for  a  given  thinning  regime  can  be  illustrated  by  graphs    * 

Among  Installations  showing,  on  the  same  axes,  results  of  a  specified  treatment  at  several  installations.     ]  J 

Such  graphs  are  shown  for  the  five  site  II  installations,  extending  through  the  fourth     :  a 
treatment  period  at  Skykomish,  Hoskins,  demons,  and  Francis,  and  through  the  third 
treatment  period  at  Iron  Creek  (figs.  36,  37,  and  38). 

Gross  volume  yield  by  installation  within  thinning  regime. — Figure  36  shows  the 
relation  of  gross  volume  yield  to  H40,  by  installation,  separately  for  treatments  1 ,  3,  5 
and  7.  This  corresponds  to  the  relation  for  the  controls  given  in  figure  12.  Relative 
ranking  of  installations  is  generally  similar  to  that  for  the  controls,  with  demons  and 
Skykomish  having  considerably  lower  volume  production  than  Hoskins,  Francis,  and  i 
Iron  Creek. 

Attained  diameter  by  installation  within  thinning  regime. — Figure  37  shows  the 
relationship  of  quadratic  mean  diameter  to  H40,  by  installation,  separately  for  treatmentu 
1,3,5,  and  7.  This  corresponds  to  the  relation  for  the  controls  in  figure  9.  Diameters 
shown  are  values  before  thinning,  except  the  first  measurement  which  is  the  value  after' 
the  calibration  thinning.  Again,  the  ranking  of  installations  is  generally  similar  to  that  for 
the  controls.  , 
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Figure  35. — Volume  production  to 
end  of  fourth  treatment  period,  by 
tree  size  classes:  (A)  Skykomish, 
age  42;  (B)  Hoskins,  age  36; 

(C)  demons,  age  36;  and 

(D)  Francis,  age  33.  Values  are 
sums  of  live  stand  at  end  of  fourth 
treatment  period  plus  previous 
thinnings  (calibration  cut 
excluded). 
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Figure  36. — Gross  volume  yield  m 
relation  to  H40,  by  treatment, 
through  fourth  treatment  period  at 
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(C)  treatment  5,  and 

(D)  treatment  7 
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Figure  37 — Quadratic  mean 
diameter  (all  trees)  in  relation  to 
H40,  by  treatment,  through  fourth 
treatment  period  at  Skykomish, 
Hoskins,  Clemons  and  Francis, 
and  through  third  treatment 
period  at  Iron  Creek:  (A)  treatment 
1,  (B)  treatment  3,  (C)  treatment 
5,  and  (D)  treatment  7.  Diameters 
are  before  cut,  except  for  the  first 
measurement  which  is  after  the 
calibration  cut. 
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Figure  38. — Relation  of  period 
means  of  basal  area  to  period 
means  of  H40,  by  treatment, 
through  fourth  treatment  period  at 
Skykomish,  Hoskins,  demons 
and  Francis,  and  through  third 
treatment  period  at  Iron  Creek: 
(A)  treatment  1,  (B)  treatment  3, 

(C)  treatment  5,  and 

(D)  treatment  7. 
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Mean  period  basal  area  by  installation  within  thinning  regime. — Figure  38  shows 
the  relationship  of  mean  period  basal  area  to  H40,  by  installation,  separately  for 
treatments  1 ,  3,  5,  and  7.  Line  segments  connect  points  that  represent  means  of  basal 
area  at  start  of  period  (after  thinning)  and  end  of  the  period  (before  the  next  thinning); 
these  points  represent  the  periodic  average  growing  stock  which  produced  the  observed 
periodic  growth.  The  figure  is  analogous  to  figure  10  for  the  controls. 

Figures  36,  37,  and  38  show  that  there  are  consistent  differences  among  installations 
for  any  given  treatment. 


Distribution  of  Volume 


Percentage  distributions  of  volumes  by  tree  size  classes  at  the  end  of  the  fourth 
treatment  period  are  shown  for  Skykomish,  Hoskins,  Clemons,  and  Francis  in  figure  39. 
The  patterns  are  generally  similar,  although  differences  among  treatments  are  smaller 
and  less  consistent  at  Clemons  than  in  the  other  three  studies.  In  particular,  the  curve 
for  the  control  at  Clemons  is  inconsistent  with  those  for  the  thinning  treatments,  probably 
reflecting  the  atypical  calibration  thinning  on  this  study  (noted  earlier). 
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Distribution  of  cumulative  volume  production  by  tree  size  classes,  through  the  end  of  the 
fourth  treatment  period,  is  shown  in  figure  40.  Volume  distribution  curves  at  the  end  of 
the  fourth  treatment  period  show  a  similar  pattern  for  the  live  stand. 

Total  volume  produced  on  the  controls  is  greater  than  that  produced  on  the  thinned  plots 
at  all  installations.  The  thinned  plots  at  Hoskins  and  Francis  have,  however,  produced 
much  more  volume  in  merchantable-size  material,  7.6  inches  and  larger  (for  treatments 
5  and  7,  approximately  twice  as  much  as  on  the  controls).  Iron  Creek  (not  shown) 
appears  to  be  developing  similarly.  Current  trends  in  net  growth  suggest  that  this 
advantage  for  the  thinned  plots  will  be  maintained  or  even  increased  in  the  next  growth 
period.  Differences  at  Skykomish  are  similar  but  are  smaller  in  magnitude,  possibly  in 
part  because  of  the  later  start  of  thinning. 

demons  is  different;  it  shows  little  or  no  gain  of  thinning  treatments  over  control  in 
merchantable  as  well  as  total  volume  production.  This  is  associated  with  the  unexplainec 
poor  response  to  thinning  in  this  installation,  plus  the  continuing  effect  of  the  initial 
removal  of  large  trees  in  the  calibration  cut.  The  initial  advantage  of  the  control  in  large 
trees  (table  5)  has  not  been  overcome  by  the  modest  increase  in  diameter  increment  on 
the  thinned  plots. 


Mortality 


Overall,  mortality  on  thinned  plots  in  the  five  site  II  installations  has  been  minor.  Since 
study  establishment,  volume  of  mortality  on  thinned  plots  has  been,  on  average,  less 
than  1  percent  of  gross  growth  at  Hoskins  and  Francis,  2  percent  at  Skykomish, 
3  percent  at  Clemens,  and  5  percent  at  Iron  Creek.  The  higher  mortality  at  Iron  Creek 
was  the  result  of  a  combination  of  root  rot  and  early  damage  by  bear.  Some  individual 
plots  had  substantial  mortality,  that  is  not  evident  in  these  averages.  Mortality  had  no 
relation  to  thinning  treatment  or  to  time  (except  the  early  damage  by  bear  at  Iron  Creek). 


Secondary  Vegetation 


Total  mortality  on  the  controls,  expressed  as  percentages  of  total  gross  growth  since 
establishment,  ranges  from  3  percent  at  Francis  to  1 5  percent  at  Hoskins.  This  mortality 
was  mainly  due  to  suppression,  and  has  been  increasing  rapidly  over  successive  growth 
periods  as  the  controls  approach  maximum  density.  In  the  third  and  fourth  treatment 
periods,  mortality  has  become  a  substantial  fraction  of  periodic  gross  growth  at  Iron 
Creek,  Hoskins,  Skykomish,  and  Clemons.  The  density  trends  (fig.  1 3)  suggest  that  this 
will  soon  also  be  true  at  Francis. 

The  two  poorer  site  installations,  Sayward  and  Rocky  Brook,  appear  to  be  following 
similar  trends.  Through  the  end  of  the  second  treatment  period,  the  thinned  plots  at 
Sayward  had  almost  no  mortality.  Rocky  Brook  has  lost  about  3  percent  of  total  gross 
growth  overall  since  establishment;  much  more  on  some  individual  plots.  The  Rocky 
Brook  mortality  has  been  mainly  from  root  rot,  plus  some  snowbreakage.  At  both 
installations,  the  controls  are  now  developing  substantial  suppression  mortality. 

It  is  evident  from  casual  inspection  that  differences  exist  in  species  composition  and 
vigor  of  the  secondary  vegetation,  both  among  areas  and  among  treatments  within 
individual  areas.  To  date,  there  have  been  no  quantitative  measurements  of  composition 
and  development  of  the  secondary  vegetation. 

The  study  areas  should  be  examined  and  classified  by  plant  association;  quantitative 
descriptions  of  species  composition  and  development  of  the  secondary  vegetation 
should  be  made  for  a  selected  set  of  contrasting  treatments. 
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Discussion 

Differences  in 
Productivity 


Volume  and  basal  area  production  and  diameters  of  trees  at  individual  installations  are 
expected  to  differ  with  differences  in  age  and  site  index.  These  differences  should  be 
largely  removed  when  height  (H40)  rather  than  age  is  used  as  the  basis  for  comparison. 
The  most  advanced  studies  in  the  LOGS  series — Skykomish,  Hoskins,  Clemens, 
Francis,  and  Iron  Creek — are  similar  in  site  index;  the  most  recent  SI50  estimates  are 
128,  132,  122,  125,  and  125,  respectively.  These  installations  could,  therefore,  be 
expected  to  behave  similarly  in  relation  to  H40  development. 


Considerable  differences  do  exist.  The  Skykomish  and  Clemens  installations  are  clearly 
producing  less  volume,  less  basal  area,  and  less  diameter  growth  than  expected  for  their 
site  indexes  and  attained  H40  values. 

Evidence  for  differences. — 

Controls. — The  graphs  of  basal  area,  cumulative  basal  area  production,  cumulative 
volume  production,  and  relative  density  in  relation  to  H40  (figs.  1 0  through  1 3)  all  show 
much  lower  production  for  the  Skykomish  and  Clemens  controls  than  for  controls  in  the 
other  five  installations  compared.  RD  values  do  not  appear  to  be  approaching  the  same 
upper  limit. 

Clemens  has  produced  much  less  basal  area  and  volume  for  a  given  H40  than  have  the 
other  installations  (except  Skykomish),  even  though  the  site  index  and  initial  height  at 
Clemens  were  comparable  to  Hoskins,  Francis,  and  Iron  Creek.  By  the  time  the  stands 
reached  90  feet  in  height,  diameter  of  the  Hoskins  control  exceeded  that  at  Clemens 
despite  the  fact  that  Hoskins  had  nearly  twice  as  many  trees  per  acre  (figs.  7,  8,  9,  and 
1 0).  The  Skykomish  control  has  also  produced  much  less  basal  area  and  volume  for  its 
H40  than  did  Hoskins,  Francis,  and  Iron  Creek,  which  have  similar  site  indexes. 

Thinning  treatments. — Graphs  of  periodic  annual  increment  in  basal  area  and  volume 
in  relation  to  basal  area,  treatment,  and  period  (figs.  1 5  and  1 6)  show  relationships  that 
are  qualitatively  similar  but  quantitatively  different.  Clemens  in  particular  has  much  less 
growth  than  the  other  site  II  installations.  Cumulative  production  curves  (fig.  32)  show 
similar  patterns,  but  with  much  less  total  production  at  Clemens.  The  same  is  true  for 
attained  diameters  (fig.  33).  The  various  curves  relating  periodic  annual  increment  in 
basal  area,  volume,  and  diameter  to  measures  of  growing  stock  are  likewise  lower  for 
Clemens. 

Graphs  comparing  gross  volume  yields  and  attained  diameters  among  installations  by 
individual  treatments  (figs.  36  and  37)  show  differences  similar  to  those  for  the  controls; 
curves  for  demons  and  Skykomish  are  markedly  lower  than  those  for  other  installations. 

Stands  differed  somewhat  in  height,  average  diameter,  number  of  trees,  and  basal  area 
at  the  start  of  the  individual  experiments,  and  it  is  not  surpnsing  that  subsequent 
development  has  not  been  identical.  To  the  extent  that  these  initial  differences  have 
influenced  subsequent  basal  area  growth  of  controis,  they  must  have  influenced  the 
definition  of  thinning  treatments.  Basal  area  levels  for  a  given  treatment  do  differ 
considerably  among  installations  (fig.  38).  Differences  in  initial  condition  do  not  seem  a 
sufficient  explanation  of  the  observed  differences,  however. 
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Possible  causes  of  differences. — 

Skykomish. — This  installation  differs  from  others  in  that  it  was  somewhat  taller  and  had 
the  most  volume  at  the  start  of  the  experiment,  the  stand  was  and  is  about  50  percent 
hemlock  by  basal  area,  and  trees  on  the  control  that  were  less  than  one-half  the  average 
diameter  of  crop  trees  were  cut  in  the  calibration  thinning,  unlike  the  procedure  on  other 
studies.  The  slightly  later  start  of  treatments  could  be  a  factor  in  the  lower  basal  area 
growth  and  must  affect  comparisons  of  development  in  relation  to  H40.  Removal  of 
small  trees  from  the  control  plots  may  have  had  some  slight  effect  on  subsequent 
development  of  the  control  plots  and  hence  on  treatment  basal  area  levels.  The  major 
apparent  difference  from  the  other  studies  is  species  composition.  The  hemlock 
component  has  a  substantially  lower  diameter  growth  rate  and  less  height  and  average 
diameter  (table  47)  than  did  the  Douglas-fir  component  which  is  used  as  the  basis  for 
site  index  and  H40  estimates.  Each  of  these  factors  probably  contributes  to  observed 
differences,  although  they  do  not  necessarily  provide  a  complete  explanation. 

demons. — Initial  stand  values  at  Clemens  were  well  within  the  range  of  those  for 
Hoskins,  Francis,  and  Iron  Creek  (table  2).  Clemens  had  the  smallest  initial  number  of 
trees,  was  closely  comparable  to  Hoskins  and  Iron  Creek  in  initial  H40,  and  was  in 
between  Hoskins  and  Iron  Creek  in  average  diameter  (Francis  had  considerably  smaller 
initial  H40  and  average  diameter).  The  principal  difference  when  compared  to  Hoskins 
and  Iron  Creek  was  lower  initial  basal  area  at  Clemens  (Francis  had  a  still  lower  initial 
basal  area,  associated  with  smaller  average  diameter  and  lesser  initial  H40).  This 
difference  continued  throughout  subsequent  development  of  control  plots  (fig.  10)  and 
corresponding  differences  are  evident  for  thinning  treatments  (figs.  36  through  38).  The 
poor  subsequent  diameter  and  basal  area  growth,  when  compared  to  more  heavily 
stocked  and  otnerwise  comparable  installations,  indicate  that  the  difference  in  basal 
area  is  not  a  cause  but  a  result  of  some  inherent  difference  in  stand  productivity. 

The  original  stand  had  considerable  animal  and  freeze  damage  and  many  damaged 
trees  were  removed  in  the  calibration  thinning.  The  diameter  distribution  after  calibration 
(table  5)  suggests  that  more  of  the  larger  trees  were  removed  than  in  the  other  studies; 
the  6-foot  difference  between  mean  H40  of  controls  and  that  for  thinned  plots  suggest 
the  same.  Also,  d/D  at  the  second  treatment  thinning  was  unusually  high  (fig.  14),  for 
reasons  unknown  (also  true  at  Skykomish),  and  may  have  accentuated  differences. 
These  differences  were  still  present  at  the  end  of  the  fourth  treatment  period,  as  shown 
by  the  volume  distribution  curves  of  figure  39  and  the  1 0-foot  difference  in  estimated  site 
index  of  control  plots  vs.  treated  plots  (table  8). 

Several  observers  have  commented  that  trees  at  Clemens  appear  less  vigorous  than 
those  in  other  installations;  the  trees  have  a  slight  yellowish  cast  to  the  foliage  and 
relatively  thin  crowns.  Possible  causes  that  have  been  suggested  for  this  appearance 
and  for  differences  in  performance  from  the  other  site  II  installations  include  an  unknown 
and  possibly  off-site  seed  source,  some  unrecognized  nutritional  problem,  effects  of  a 
severe  burn  in  the  early  1940's,  and  heavy  initial  brush  competition. 
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There  is  considerable  evidence,  much  of  it  from  Europe  (Assmann  1970,  Bradley  and 
others  1966)  that  differences  in  stand  productivity  and  stockability  exist  which  are  not 
fully  accounted  for  by  height  growth  or  site  index  and  which  are  often  related  to 
differences  in  soils  or  regional  climate.  Although  such  differences  could  be  involved 
here,  we  have  no  reason  to  expect  them  for  the  soils  and  locations  concerned. 
Differences  in  early  damage  and  initial  treatment,  a  possibly  unadapted  seed  source 
(demons),  and  species  composition  (Skykomish)  seem  more  likely  explanations. 

Definition  of  Thinning  Staebler's  use  of  control  plot  growth  to  define  residual  stocking  for  the  thinning  regimes 

Regimes  in  the  LOGS  studies  was  based  on  the  beliefs  that  local  productivity  differences  exist 

and  that  definition  of  thinning  regimes  in  relation  to  productivity  of  the  individual  stand, 
rather  than  in  relation  to  regional  averages,  would  be  biologically  meaningful.  The 
differences  discussed  above  appear  to  confirm  the  hypothesis  of  local  productivity 
differences.  It  is  arguable  whether  the  attempt  to  define  thinning  regimes  in  relation  to 
productivity  of  the  individual  stand  has  really  simplified  analysis  and  interpretation  of  the 
experiments. 

The  method  used  to  define  regimes  has  probably  not  achieved  complete  comparability 
of  thinning  regimes  among  installations.  Basal  area  increment  culminates  early  in  dense 
stands,  and  time  of  culmination  is  influenced  by  initial  density  (Pienaar  and  Turnbull 
1973).  Installations  differed  considerably  in  initial  number  of  stems,  basal  area,  and 
height  at  the  time  the  study  was  established,  and  such  differences  may  well  have 
introduced  inconsistencies  in  defining  thinning  treatments. 

The  numerous  small  stems  of  associated  species  that  are  present  in  some  installations 
distort  summary  values  and  growth  trends  for  the  number  of  trees  and  average  diameter 
and  introduce  some  confusion  in  comparisons  among  installations.  In  retrospect,  it 
would  have  been  preferable  to  have  removed  the  small  trees  at  the  time  of  study 
establishment,  as  was  done  at  Skykomish  but  not  in  the  other  installations.  Alternatively, 
more  nearly  equal  initial  conditions  might  have  been  provided  by  thinning  all  controls  to 
a  fixed  number  of  trees — a  number  large  enough  to  allow  early  crown  closure — at  the 
time  of  study  establishment. 

Analyses  of  Variance  Differences  among  treatments. — The  analyses  of  variance  (tables  11-14)  show  no 

significant  differences  between  averages  of  the  fixed  and  variable  treatments,  which 
always  have  the  same  average  amount  of  retained  growing  stock.  Gross  basal  area 
growth  and  gross  volume  growth  increased  with  growing  stock;  growth  percents 
decreased  with  growing  stock.  Basal  area  growth,  and  basal  area  and  volume  growth 
percent  have  decreased  over  successive  treatment  periods.  Diameter  growth  (both  PAI 
and  growth  percent)  has  decreased  with  increasing  growing  stock  and  has  shown 
decreases  over  successive  periods  except  for  PAI  at  the  lowest  level  of  growing  stock. 

So  far,  basal  area  and  volume  PAI  have  been  greater  for  the  decreasing  treatments  than 
for  the  increasing  treatments.  At  the  end  of  the  fourth  treatment  period,  the  average 
percentage  of  control  plot  growth  retained  is  35  percent  for  the  increasing  treatments 
and  45  percent  for  the  decreasing  treatments.  Average  growing  stock  level  of  the  latter 
is  higher  and  would  be  expected  to  produce  more  growth.  The  experiment  will  not  be 
completely  developed  until  the  end  of  the  fifth  treatment  period,  when  the  same  average 
growing  stock  levels  are  expected  for  both  increasing  and  decreasing  treatments.  Even 
though  increasing  and  decreasing  treatments  differ  at  present,  we  cannot  now  conclude 
that  they  will  be  different  at  the  end  of  the  fifth  treatment  period. 
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Results  for  the  contrasts  between  increasing  treatments  (D)  and  between  decreas- 
ing treatments  (E)  (table  9)  vary  among  installations.  Where  significant  differences 
occur,  they  are  consistent  with  results  of  the  fixed  percentage  comparisons.  Treat- 
ments 4  and  8  tend  to  have  greater  basal  area  and  volume  PAI  in  the  increasing 
and  decreasing  groups,  respectively.  These  retain  more  growing  stock  than  the 
alternative  treatments,  2  and  6.  The  opposite  is  true  of  growth  percent,  with  treat- 
ments 2  and  6  having  greater  growth  percents  when  there  is  a  significant  dif- 
ference because  growth  is  on  fewer  and  larger  trees.  For  quadratic  mean  diameter, 
treatments  2  and  6  have  larger  PAI  and  growth  percents  because  of  the  greater 
radial  growth  response  associated  with  less  growing  stock  in  these  treatments. 

The  error  mean  squares  (tables  10  through  15)  show  that  Clemons  has  much  higher 
variability  than  the  other  three  installations  discussed.  Nonsignificance  of  most  interac- 
tions at  Clemons  probably  reflects  less  sensitivity  associated  with  this  greater  variability. 

Differences  among  installations. — The  graphs  of  means  for  the  fixed  percentage 
treatments  (figs.  1 5  through  1 8)  show  that  trends  are  qualitatively  similar  among  the  four 
installations  compared,  but  that  there  are  considerable  differences  in  productivity,  as 
noted  previously. 


ielationships 
between  Growth  and 
Growing  Stock 


Past  observations  and  the  Langsaeter  curve. — Thinking  at  the  time  the  LOGS  studies 
were  established  was  strongly  influenced  by  the  so-called  Langsaeter  curve  (fig.  41 ), 
which  portrayed  a  generalized  relationship  of  growth  to  growing  stock  (Braathe  1957, 
Langsaeter  1 941 ).  The  possible  range  of  growing  stock  was  subdivided  into  a  free-growth 
zone  (I)  not  influenced  by  competition,  a  transition  zone  (II),  a  zone  (III)  within  which 
growth  is  nearly  constant  over  a  wide  range  of  growing  stock,  and  a  zone  (IV)  in  which 
growth  is  reduced  by  excessive  competition.  One  purpose  of  the  LOGS  studies  was  to 
provide  a  quantitative  definition  of  the  rising  portion  of  this  curve,  particularly  zone  II. 


Subsequenttothe  widely  quoted  publications  by  Braathe  (1957)  and  Mar:Moller  (1954), 
the  generalization  has  been  frequently  made  that  essentially  the  same  total  cubic  volume 
production  can  be  obtained  over  a  wide  range  of  stand  densities.  A  considerable  number 
of  thinning  studies  in  several  species  have  seemed  to  support  this,  and  Staebler  (1960) 
based  his  theoretical  thinning  regime  on  the  assumption  that  the  same  gross  increment 
may  be  produced  with  widely  differing  combinations  of  growing  stock  and  tree  size. 

There  is  considerable  information  for  Douglas-fir  that  does  not  agree  with  the  concept  of 
constant  gross  growth  over  a  wide  range  of  densities.  Curtis  (1967)  found  that  in 
untreated  natural  stands,  gross  increment  in  both  basal  area  and  volume  increases  with 
increasing  stand  density;  there  was  no  indication  of  a  maximum  within  the  range  of  his 
data.  Reukema  (1972)  and  Reukema  and  Bruce  (1977)  found,  as  did  Curtis  and  others 
(1982),  that  thinning  reduced  gross  volume  increment.  This  is  stem  volume  only,  and 
mortality  in  unthinned  stands  may  partially  or  completely  offset  this  reduction  in  terms  of 
recoverable  volume.  Also,  the  studies  cited  involve  uncertainties  arising  from  use  of 
heterogeneous  samples  in  regression  and  thinning  practices  that  were  influenced  by 
merchantability  considerations. 
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Figure  41. — Relation  between 
volume  increment  and  growing 
stock,  as  hypothesized  by 
Langsaeter  (adapted  from 
Braathe  1957).  Roman  numerals 
denote  Langsaeter's  "density 
types." 
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The  LOGS  study  results. — The  LOGS  studies  constitute  the  most  closely  controlled 
and  extensive  series  of  thinning  experiments  in  existence  for  young  stands  of  Douglas-fir. 
In  time,  they  should  define  the  relationship  of  gross  growth  to  growing  stock  in  young 
stands  that  have  been  reduced  to  low  stocking  at  an  early  age  which  was  followed  by 
consistent  thinning  to  maintain  a  series  of  growing  stock  levels.  Few  data  are  yet 
available  from  the  installations  on  poor  sites,  so  we  can  say  little  about  these;  but 
relationships  now  seem  fairly  well  established  for  the  better  sites. 

We  do  not  imply  that  the  quantitative  results  would  necessahly  hold  for  thinnings  begun 
at  a  later  stage  in  stand  development  or  for  regimes  that  produce  radically  different  stand 
structures.  The  close  relationships  of  growth  to  growing  stock  found  in  the  LOGS  studies, 
in  contrast  to  the  results  of  the  somewhat  similar  study  reported  by  Oliver  and  Murray 
( 1 983),  probably  reflect  the  close  control  of  initial  conditions  ar .d  kind  of  thinning  that  are 
a  major  feature  of  the  LOGS  studies.  These  specifications  in  turn  imply  development  of 
a  particular  stand  structure  over  time. 

Gross  growth. — Within  the  range  of  the  thinned  stands,  gross  growth  in  both  basal  area 
and  volume  increases  with  an  increase  in  growing  stock  (figs.  1 9  and  23).  For  basal  area 
growth,  some  of  the  curves  suggest  a  possible  maximum  between  the  upper  margin  of 
the  range  of  the  thinned  plots  and  the  controls,  with  a  zone  of  nearly  constant  growth  in 
later  periods.  The  volume  growth  curves  appear  much  steeper  and  show  little  indication 
of  any  maximum  or  of  any  zone  of  constant  growth. 

Similar  curves  (figs.  20  and  24)  with  RD  on  the  horizontal  axis  suggest  that  on  these 
axes  the  curves  are  approximately  proportional  (and,  therefore,  parallel  when  trans- 
formed to  logarithmic  scales).  Statistical  and  graphic  comparisons  indicated  that  curves 
for  successive  periods  within  an  installation  could  be  regarded  as  proportional  and  that 
this  is  also  at  least  approximately  true  across  installations  (with  the  possible  exceptions 
of  Clemons  and  Rocky  Brook). 
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These  statements  do  not  imply  any  theoretical  basis  for  proportionality,  nor  do  the 
statements  necessarily  hold  over  a  wider  range  of  ages  and  heights.  For  the  limited 
range  under  consideration,  proportional  curves  appear  to  be  a  sufficiently  close 
approximation  to  reality  to  allow  their  use  in  summarizing  relationships  in  an  easily 
interpretable  form. 

Assuming  such  proportionality,  relationships  between  growth  and  growing  stock  can  be 
generalized  as  shown  in  figure  26  where  the  variable  on  the  vertical  axis  is  the  ratio  of 
growth  rate  to  the  growth  rate  expected  at  the  "normal"  density  of  RD70.  The  variable 
on  the  horizontal  axis  is  the  relative  density  expression,  RD.  For  RD30,  for  example, 
about  66  percent  of  "normal"  volume  growth  and  about  77  percent  of  "normal"  basal  area 
growth  would  be  expected. 

The  curves  for  individual  periods  (figs.  23  and  24)  and  the  generalized  curve  in 
figure  26  do  not  support  the  idea  that  gross  volume  growth  is  the  same  over  a  wide  range 
of  stocking.  The  thinned  stands  in  the  LOGS  study  are  clearly  on  the  ascending  portion 
of  the  Langsaeter  curve  (fig.  41 )  in  Langsaeter's  zones  I  and  II.  There  is  little  indication 
of  any  plateau  of  gross  growth. 

Net  growth. — Mortality  on  thinned  plots  was  generally  minor  and,  within  the  range  of 
the  thinning  treatments,  relationships  between  net  growth  and  growing  stock  differ  little 
from  those  for  gross  growth.  Net  growth  increases  with  an  increase  in  growing  stock. 

Suppression  mortality  is  now  substantial  on  the  controls,  and  net  growth  of  controls  is 
considerably  less  than  gross  growth.  The  observed  values,  though  erratic,  indicate  that 
by  the  third  and  fourth  treatment  periods  net  growth  is  about  the  same  for  the  control 
and  for  treatment  7  (table  48,  appendix).  The  accelerating  suppression  mortality  on  the 
control  plots  suggests  that  in  the  very  near  future  net  growth  of  the  more  heavily  stocked 
thinning  treatments  is  likely  to  exceed  that  of  the  controls. 

Differences  between  basal  area  and  volume  increment  curves. — The  gross  volume 
increment  curves  appear  steeper  than  the  basal  area  increment  curves  and,  unlike  the 
latter,  show  no  indication  of  a  maximum  within  the  range  of  the  data  (fig.  26).  The  curve 
for  gross  basal  area  growth  is  much  closer  to  the  Langsaeter-Mciller  concept  of 
near-constant  growth  over  a  wide  range  of  densities  than  is  the  curve  for  volume  growth. 

Douglas-fir  characteristically  has  rapid  height  growth  that  is  sustained  over  long  periods 
of  time.  In  this  respect  it  differs  markedly  from  many  eastern  and  southern  species.  This 
rapid  and  sustained  height  growth  is  the  probable  explanation  for  the  difference  in  shape 
of  the  basal  area  and  volume  growth  curves  and  Is  a  characteristic  that  has  important 
implications  for  management  of  the  species. 
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Height  growth  as  a  factor  in  volume  increment  and  density  control. — A  generally 
applicable  equation  for  stand  volume  is: 

V  =  FGH; 

in  which: 

V  =  cubic  volume  per  unit  area, 

F  =  form  factor, 

G  =  basal  area  per  unit  area,  and 

H  =  stand  height. 

We  used  H40  as  stand  height  and  calculated  the  corresponding  form  factor  as: 

F  =  V/(G  H). 

Differentiating  the  volume  equation  with  respect  to  time  (t),  we  have  (Hegyi  1969): 

dV/dt  =  FG(dH/dt)  +  FH(dG/dt)  +  GH(dF/dt)  ; 

in  which  dV/dt,  dH/dt,  dG/dt,  and  dF/dt  are  the  net  rates  of  change  in  volume,  height, 
basal  area,  and  form  factor;  all  can  be  approximated  by  the  corresponding  periodic 
annual  net  increments.  Values  of  F,  G,  and  H  corresponding  to  these  rates  are 
approximated  by  the  period  means  of  these  quantities.  This  relationship  can  also  be 
expressed  as  a  difference  equation  (Evert  1964). 

As  a  numerical  illustration,  we  take  values  from  the  Hoskins  study,  treatment  5,  fourth 
treatment  period.  These  values  are: 

Period  means  Growth  rates 

dV/dt  =  416ft^/acre/yr 
F  =  0.3770  dF/dt  =  -0.001 3  per  year 

G  =  147.4ft^/acre  dG/dt  =  8.475  ft^/acre/yr 

H  =  83ft  dH/dt  =  3.0  ft/yr 

Substituting  these  values  into  the  above  equation  for  the  derivative  dV/dt: 

dV/dt  =  167  +  265  -  16  =  416  ; 

which  agrees  with  the  observed  periodic  annual  increment. 

The  third  term  in  the  equation,  GH(dF/dt),  makes  only  a  minor  contribution  to  total 
volume  growth.  The  contribution  of  the  second  term,  FH(dG/dt),  is  directly  proportional 
to  basal  area  growth  rate.  The  first  term,  FG(dH/dt),  involves  the  product  of  basal  area 
and  height  growth  rate.  The  greater  the  rate  of  height  growth,  the  greater  the  importance 
of  this  term.  Differences  in  basal  area  levels  will  have  a  greater  effect  on  the  magnitude 
of  the  FG(dH/dt)  term — and  on  volume  growth  rate — in  stands  that  are  growing  rapidly 
in  height  than  in  stands  which  are  growing  slowly  in  height. 


80 


taebler's  Assumptions 


Volume  growth  will  be  more  closely  related  to  basal  area  stocking  in  a  species  such  as 
Douglas-fir,  which  characteristically  maintains  rapid  height  growth  over  long  periods  of 
time,  than  in  species  that  do  not  have  this  height  growth  pattern.  In  the  latter,  the 
principal  contribution  to  volume  growth  is  from  the  second  term,  FH(dG/dt),  which 
includes  basal  area  only  indirectly  through  its  effect  on  basal  area  growth  rate,  dG  dt. 

It  is  thus  not  surprising  that  the  growth  over  growing  stock  curves  for  basal  area  and  for 
volume  differ  in  shape,  and  that  the  volume  growth  curves  show  growth  increasing  with 
growing  stock  up  to  fairly  high  levels  of  stocking.  The  importance  of  height  growth  also 
suggests  the  possibility  of  different  patterns  on  poor  sites  and  in  older  stands  as 
compared  to  the  young  stands  on  good  sites  discussed  here. 

Staebler  (1960)  based  his  method  for  calculating  thinning  schedules  on  three 
assumptions: 


ime  Trends  and 
heir  Implications 


1 .  Gross  yield  in  cubic  feet  of  a  normal  (fully  stocked),  unmanaged  stand  represents  the 
maximum  production  of  which  the  site  is  capable. 

2.  Periodic  gross  increment  for  any  age  period  in  the  life  of  a  normal  stand  represents 
full  capacity  of  the  site  to  produce  wood  in  a  stand  of  the  chosen  age. 

3.  Approximately  full  increment  may  be  produced  with  widely  differing  combinations  of 
growing  stock,  tree  size,  and  radial  increment. 

These  concepts  played  an  important  role  in  planning  the  LOGS  studies.  In  view  of  the 
results  obtained  to  date,  what  can  now  be  said?  First,  although  the  LOGS  studies  do  not 
provide  a  clear  test  of  assumptions  ( 1 )  and  (2),  results  to  date  do  not  conflict  with  them. 
Second,  assumption  (3)  is  contradicted  by  the  LOGS  study  results.  For  the  stand 
conditions  and  treatments  represented,  gross  volume  increment  is  different  for  the 
different  observed  combinations  of  growing  stock,  tree  size,  and  radial  increment. 

Because  all  treatments  start  from  a  common  base  at  the  end  of  the  calibration  period, 
differences  among  growing  stock  levels  and  resulting  differences  in  response  develop 
gradually. 

Yield  curves  (fig.  32)  differ  little  in  early  growth  periods,  but  diverge  sharply  in  later 
periods.  The  same  is  true  of  diameters  and  diameter  growth  rates  (fig.  33).  The 
differences  among  treatments  discussed  here  extend  only  to  the  end  of  the  fourth 
treatment  period  for  the  four  most  advanced  installations.  We  can  expect  these 
differences  to  become  more  striking  by  the  planned  completion  of  the  experiment  at  the 
end  of  the  fifth  treatment  period. 

Comparison  of  periodic  annual  volume  increments  and  mean  annual  volume  increments 
(tables  48  and  49  (appendix);  fig.  34)  show  that  periodic  annual  volume  increment  has 
more  or  less  stabilized  in  the  third  and  fourth  treatment  periods.  Mean  annual  volume 
increment  is  increasing  rapidly,  although  by  the  fourth  treatment  period  it  is  still  only 
about  one-half  the  value  of  the  periodic  annual  increment.  This  pattern  is  mainly  a 
consequence  of  the  rapid  and  sustained  height  growth  characteristic  of  the  species  and 
is  accentuated  by  the  low  stocking  level  and  resulting  reduced  volume  growth  in  the 
early  periods. 
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Comparison  of  periodic  annual  increment  and  mean  annual  increment  shows  that  these 
stands  are  still  far  short  of  culmination  of  mean  annual  increment.  This,  plus  the  rapidly 
developing  divergence  of  the  yield  curves  and  the  increased  values  associated  with 
large  tree  sizes,  indicates  that  even  the  end  of  the  fifth  treatment  period  will  not  provide 
a  full  evaluation  of  the  potential  effects  of  the  thinning  treatments.  Realization  of  the  full 
gains  attainable  from  thinning  will  clearly  require  rotations  considerably  longer  than  the 
ages  represented  by  the  LOGS  studies. 

Comparison  of  Thinning     Volume  production  by  tree  size  classes. — Total  cumulative  production  by  tree  size 
Treatments  classes,  as  of  the  end  of  the  fourth  treatment  period,  has  been  summarized  in  tables  50 

and  51  (appendix)  and  figures  35  and  40  for  the  Skykomish,  Hoskins,  Clemens,  and 
Francis  studies.  Generally,  the  lowest  levels  of  growing  stock  (regimes  1 ,  2,  and  3)  have 
resulted  in  major  reductions  in  both  total  volume  production  and  production  of  the 
smaller  merchantable  material  (7.6-1 1 .5  inches  d.b.h.),  without  corresponding  gains  in 
volume  of  large  trees.  The  higher  levels  of  growing  stock  in  treatments  4,  5,  7,  and  8 
have  produced  volumes  in  trees  7.6  inches  and  larger  that  are  more  or  less  equal  to 
those  of  the  controls;  volumes  in  trees  1 1 .6  inches  and  larger  are  far  greater  than  the 
controls  and  equal  to  or  greater  than  those  produced  in  the  low-density  treatments. 
Present  trends  leave  little  doubt  that  this  superiority  in  net  usable  production  will 
continue  and  will  probably  increase  over  time. 

Again,  Clemens  is  different.  Not  only  is  total  production  less  than  at  the  other  three 
installations  shown,  but  there  has  been  less  apparent  response  in  volume  growth  to 
differences  among  thinning  treatments  (fig.  35).  Figure  31  shows  that  there  has, 
however,  been  a  response  in  diameter  growth.  This  seeming  contradiction  may  be 
explained  by  the  lower  basal  areas  and  the  narrower  range  in  basal  areas  in  this 
installation,  which  are  consequences  of  less  basal  area  growth  on  the  control.  The  fac 
that  the  Clemens  control  contains  more  large  trees  than  do  some  of  the  thinning 
treatments  probably  reflects  excessive  removal  of  large  trees  in  the  calibration  thinning. 

Trends  of  basal  area  and  RD  in  relation  to  H40. — Trends  of  basal  area  and  of  RD  in 
relation  to  H40  and  to  age  are  shown  in  figures  42  and  43,  foi  fixed  treatments  only,  for 
Skykomish,  Hoskins,  Clemens,  and  Francis.  Application  of  the  study  plan  thinning 
specifications  has  resulted  in  much  lower  levels  of  basal  area  and  RD,  as  well  as  volume 
growth,  at  Clemens.  Differences  among  the  other  installations  are  smaller  and  probably 
attributable  in  part  to  associated  differences  in  initial  H40. 

Quality. — To  date,  no  comparisons  of  timber  quality  characteristics  have  been  made  in 
the  LOGS  studies.  In  none  of  the  treatments  have  trees  developed  excessively  large 
branches,  even  at  the  lowest  density  levels.  Even  treatment  1  contains  fine  looking 
trees.  However,  even  if  this  impression  of  acceptable  branch  size  were  borne  out  by 
quantitative  measurements,  results  would  not  necessarily  extend  to  other  stands 
established  with  initial  numbers  of  trees  comparable  to  those  left  in  the  calibration 
thinning;  and  certainly  not  to  stands  established  with  less  trees.  Although  competition 
was  not  severe  at  the  time  the  LOGS  studies  were  established,  crowns  were  in  contact 
and  lower  branches  were  beginning  to  die.  This  has  undoubtedly  influenced  later  branch 
development. 
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Value. — Although  the  thinning  treatments  have  reduced  total  volume  production,  they 
have  also  sharply  increased  diameters.  A  ranking  of  treatments  on  the  basis  of  value 
produced  would  differ  considerably  from  a  ranking  by  volume  production. 

Any  value  comparisons  should  ideally  be  made  for  some  reasonable  rotation  age  or 
range  of  rotation  ages.  These  stands  are  still  far  short  of  such  an  age.  Because  the 
LOGS  studies  cannot  be  continued  to  rotation  age,  the  appropriate  point  for  a  value 
comparison  would  seem  to  be  the  end  of  the  fifth  treatment  period — the  planned 
completion  of  the  experiment.  We  have  therefore  made  no  attempt  to  include  financial 
comparisons  in  this  report. 

Practical  implications  of  LOGS  results. — None  of  the  LOGS  studies  is  complete  as 
of  1983,  and  little  data  are  as  yet  available  from  the  poorer  sites.  The  LOGS  studies 
were  not  designed  as  comparisons  of  operationally  feasible  regimes.  Direct  applications 
of  current  LOGS  results  to  operational  stand  management  are  therefore  limited. 

The  short  thinning  cycle  used  in  the  LOGS  studies  is  not  operationally  realistic  and 
should  not  be  taken  as  an  operational  recommendation.  There  is,  however,  considerable 
evidence  that  for  regimes  with  comparable  average  periodic  growing  stock  or  compara- 
ble initial  conditions  and  thinning  intensity  (annual  removal  rate),  moderate  differences 
in  thinning  cycle  have  little  effect  on  growth  (Braathe  1957,  Bradley  1963,  Reukema 
1972).  Results  generally  similar  to  those  of  the  LOGS  regimes  could  probably  be 
obtained  with  considerably  longer  cycles,  provided  trends  of  periodic  mean  growing 
stock  and  stand  density  over  H40  correspond  to  those  of  the  LOGS  treatments  (figs.  42 
and  43). 

It  has  been  shown  that  volume  increment  is  strongly  related  to  growing  stock  for  the 
conditions  represented  in  the  LOGS  studies.  Relatively  high  stand  density  is  required  for 
high  cubic  volume  production.  Conversely,  diameter  increment  declines  with  increasing 
stand  density. 

Choice  of  any  thinning  regime  is  a  compromise  among  conflicting  desires  for  high 
volume  production,  large  diameters,  and  relatively  few  thinning  entries.  Relative 
importance  of  volume  growth  and  diameter  growth  varies  with  stage  of  stand  develop- 
ment. Volume  growth  is  a  minor  consideration  when  trees  are  small;  the  objective  then 
is  to  get  trees  to  merchantable  size  as  rapidly  as  possible,  consistent  with  acceptable 
stem  quality.  Once  merchantable  size  is  reached,  volume  growth  becomes  important. 
Timing  of  the  change  in  emphasis  depends  on  the  diameters  selected  for  beginning  of 
commercial  thinning  or  for  harvest.  The  silviculturist  must  strike  a  balance  between 
diameter  growth  and  volume  growth  that  is  appropriate  to  the  stage  of  stand  develop- 
ment, to  the  site,  and  to  management  objectives. 

The  curves  in  figures  24  and  27  indicate  that,  for  stand  conditions  comparable  to  LOGS, 
densities  in  the  range  RD20  to  RD40  will  produce  high  rates  of  diameter  growth 
combined  with  substantially  reduced  volume  production.  Densities  in  the  range  RD40  to 
RD60  will  produce  high  volume  growth  rates,  with  substantially  reduced  diameter  growth 
and  negligible  suppression  mortality.  The  point  when  emphasis  should  shift  from 
diameter  growth  to  volume  growth  will  depend  on  the  stand  diameter  at  which  thinning 
is  judged  financially  and  operationally  feasible  and  on  the  choice  of  harvest  age. 
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The  LOGS  regimes  all  maintain  stands  in  an  understocked  condition  during  early 
treatment  periods.  In  the  first  treatment  period,  stands  were  still  close  to  the  free-growth 
condition,  in  which  volume  growth  is  proportional  to  growing  stock.  Approximately  the 
same  diameters  would  probably  have  been  produced  if  the  first  treatment  thinning  had 
been  omitted  and  correspondingly  fewer  trees  left  at  calibration. 

Judged  by  results  through  the  fourth  treatment  period,  the  LOGS  low-density  regimes 
(1  and  3)  show  somewhat  higher  diameter  growth  but  considerably  less  total  and 
merchantable  volume  production  than  the  higher  density  regimes  (5  and  7).  The  latter 
combine  moderately  fast  diameter  growth  with  relatively  high  volume  production.  At 
present,  regimes  analogous  to  the  latter  seem  more  attractive. 

The  low  density  regimes  (1  and  3)  have  produced  large,  vigorous  trees  that  are  in 
excellent  condition  for  future  growth.  If  these  stands  are  allowed  time  to  build  up  to 
higher  densities  following  the  fifth  treatment  thinning,  they  might  well  develop  greater 
volume,  diameter,  and  value  at  final  harvest. 

Results  of  the  LOGS  studies  to  date  appear  generally  consistent  with  previous  stand 
management  recommendations  (Curtis  and  others  1981,  Reukema  and  Bruce  1977). 
Consideration  of  possible  analogous  regimes  and  the  information  currently  available 
from  both  LOGS  and  previous  studies  lead  to  some  generalizations.  These  represent 
our  best  judgment  rather  than  specific  results  of  the  LOGS  studies. 

It  seems  reasonable  to  reduce  a  stand  at  initial  precommercial  thinning  to  the  number 
of  stems  required  to  produce  an  RD  of  about  50  at  the  time  the  stand  reaches  the 
average  diameter  selected  for  the  initial  commercial  thinning.  The  only  limitations  on 
residual  number  appear  to  be  the  possibility  of  unacceptable  wood  quality  when  this 
target  diameter  is  large  and  the  number  of  trees  correspondingly  low;  risks  of  sunscald, 
snowbreakage,  and  thinning  shock  if  the  initial  thinning  is  delayed  in  high  density  stands; 
and  possible  brush  problems. 

Once  the  target  diameter  for  the  first  commercial  thinning  is  reached,  successive 
thinnings  that  keep  the  period  mean  of  RD  in  the  range  of  45-50  appear  reasonable.  d/D 
will  usually  be  in  the  range,  0.85-0.95.  f^aximum  RD  should  not  be  more  than  55-60 
(except  immediately  before  final  harvest),  and  the  minimum  should  not  be  less  than 
30-35  at  first  commercial  thinning  and  somewhat  higher  in  later  thinnings.-^  Within  these 
approximate  limits,  the  upper  portion  of  the  density  range  will  emphasize  volume 
production  while  the  lower  portion  will  give  somewhat  greater  diameter  increment. 


^  Change  in  RD  can  be  estimated  as: 

RD  =  0.005454N(D2="^-D,3'2  ); 

where  N  is  number  of  trees  per  acre  (assuming  negligible  mortality); 
Di  IS  stand  diameter  at  start  of  growth  period;  and  D2  is  estimated 
future  stand  diameter. 
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Critique  of  LOGS  Study        Hindsight  is  proverbially  clearer  than  foresight,  so  it  may  be  useful  to  point  out  some 
Design  difficulties  and  questions  encountered  in  the  LOGS  studies,  which  may  influence  design 

of  future  studies. 

Blocked  vs.  completely  randomized  treatments. — Treatments  were  randomized 
among  the  27  plots  per  installation.  According  to  the  original  study  plan,  complete 
randomization  was  chosen  over  a  randomized  block  design  because  analysis  of  a 
completely  random  design  can  better  accommodate  the  expected  loss  of  some  plots. 

To  date,  only  one  of  the  nine  installations  (Rocky  Brook)  has  lost  plots.  Major  losses 
occurred  at  Rocky  Brook  immediately  after  calibration;  those  plots  were  replaced  with 
spare  plots.  One  plot  has  since  been  lost  to  root  rot  (1982).  It  appears  that  blocking, 
perhaps  on  the  basis  of  characteristics  such  as  slope  position  or  tree  dimensions 
at  end  of  the  calibration  period,  would  have  been  a  feasible  alternative  to  complete 
randomization. 

Plot  size. — The  0.2-acre  plots  used  are  too  small  to  allow  continuation  of  thinning 
beyond  the  60  feet  of  height  increment  originally  planned.  Thinning  must  cease  at  a 
stage  when  differences  among  treatments  are  increasing  rapidly  and  when  stands  are 
still  well  short  of  any  biologically  reasonable  rotation  age.  The  result  is  a  major  gap  in 
information.  This  is  not  a  criticism  of  the  LOGS  study  design;  the  study  was  not  intended 
to  extend  to  later  stand  development.  Rather,  it  indicates  that  there  was  and  is  a  need 
for  concurrent  studies  addressing  the  later  development  of  stands  having  early  and 
continued  stocking  control. 

Buffers. — Associated  with  the  limitations  of  small  plots  is  the  question  of  possible  effect 
of  the  lack  of  buffers.  Some  edge  effects  must  exist.  Although  we  think  such  effects  are 
minor,  they  could  have  had  some  influence  on  the  results.  The  possibility  exists  for  future 
analysis  of  this  question  on  those  installations  that  have  been  stem-mapped  or  had  trees 
on  the  inner  0.1  acre  identified.  Comparisons  could  also  be  made  using  the  two 
Canadian  Forestry  Service  installations,  which  do  have  buffers. 

Crop  Trees. — Well-spaced  crop  trees,  selected  after  the  calibration  cut  at  the  rate  of  80 
per  acre,  are  retained  through  subsequent  thinnings.  The  utility  of  this  procedure  and  its 
possible  effect  on  stand  development  have  sometimes  been  questioned. 

In  general,  crop  trees  have  been  fairly  stable  overtime,  although  occasional  substitutions 
have  been  made  because  of  damage  or  poor  growth  of  initially  selected  individual  crop 
trees.  Limited  comparisons  of  diameters  of  crop  trees  with  average  diameters  of  the 
largest  80  trees  per  acre  (see  footnote  7),  after  the  calibration  thinning,  showed  that 
initial  average  diameter  of  crop  trees  was  substantially  smaller  than  that  of  the  80  largest 
trees  per  acre.  Subsequent  diameter  growth  at  Hoskins,  Skykomish,  and  Clemons  was 
slightly  greater  for  the  80  largest  trees  per  acre  than  for  the  crop  trees.  This  difference 
was  larger  on  controls  than  on  thinned  plots,  because  in  the  later  periods  on  thinned 
plots  these  were  nearly  the  same  trees. 


87 


Slightly  larger  trees  and  slightly  more  volume  might  have  been  produced  by  a  more 
flexible  choice  of  leave  trees  at  each  thinning.  On  the  other  hand,  permanently  marked 
crop  trees  simplify  control  of  spacing  in  thinnings  and  make  it  easier  to  maintain 
comparability  of  treatments.  Marked  crop  trees  are  most  useful  in  early  thinnings.  Their 
usefulness  declines  with  time,  as  substitutions  are  made  necessary  by  individual  tree 
damage  and  decline  in  vigor.  Rigid  adherence  to  the  initial  choice  of  crop  trees  is  neither 
reasonable  nor  feasible. 

Kind  of  thinning. — The  LOGS  study  plan  specifications  produce  d/D  ratios  of  about  0.9 
in  the  earlier  treatment  thinnings  and  higher  growing  stock  levels,  and  d/D's  near  1 .0 
after  removal  of  all  noncrop  trees.  Until  all  noncrop  trees  have  been  removed,  these  d/D 
ratios  represent  crown  thinnings  and  appear  entirely  reasonable.  Although  strict,  low 
thinning  would  have  produced  somewhat  different  stand  structures  and  might  have 
resulted  in  slightly  more  growth  in  the  early  years,  removal  of  some  of  the  larger  trees 
is  necessary  if  spacing  is  to  be  controlled  and  crop  trees  favored. 

Justification  for  a  d/D  of  1 .0  after  removal  of  all  noncrop  trees  is  less  clear.  Low  thinning 
is  not  possible  at  this  stage  because  of  the  absence  of  lower  crown  classes,  but 
differences  are  still  evident  in  individual  tree  size  and  vigor  that  suggest  that  a  d/D  of 
somewhat  less  than  1 .0  would  be  silviculturally  preferable.  The  reasons  for  specifying  a 
d/D  of  1 .0  at  this  stage  are  not  now  clear.  They  may  have  been  in  part  simplicity;  in  part 
suggested  by  the  requirements  of  Staebier's  (1 960)  procedure  for  calculating  numerical 
thinning  schedules;  and  in  part  an  expectation  of  a  narrower  range  of  crop  tree 
diameters  than  has  actually  developed. 

A  d/D  of  1 .0  is  usually  attained  only  in  the  final  thinning  at  the  lowest  growing  stock 
levels,  and  this  specification  has  probably  not  had  much  effect  on  the  outcome  of  the 
experiment.  It  does  not  seem  a  desirable  restriction,  however,  and  we  do  not  recommend 
it  for  future  studies. 

Thinning  cycle. — The  LOGS  thinning  cycle  was  defined  as  the  time  required  for  1 0  feet 
of  height  growth.  Definition  in  terms  of  height  growth  is  biologically  reasonable  and 
facilitates  work  scheduling  because  height  growth  can  be  predicted  fairly  well  from 
standard  site  curves.  The  short  cycle,  though  not  operationally  realistic,  is  justified  in  the 
LOGS  study  as  a  means  of  maintaining  close  control  over  growing  stock.  The  resulting 
light  thinnings  also  avoid  any  possible  exposure  effects  not  directly  related  to  growing 
stock  level. 

Height  measurements. — Despite  the  detailed  study  plan  and  generally  close  quality 
control,  some  problems  exist  with  height  measurements.  Inadequate  sampling  in  some 
periods  at  Skykomish  and  demons  has  forced  combining  height  measurements  by 
treatment,  thereby  preventing  adjustment  of  plot  values  for  height  differences  or 
satisfactory  assessment  of  among-plot  site  differences.  The  peculiar  trend  of  volumes 
at  Hoskins  in  treatment  period  3  strongly  suggests  some  systematic  error  in  height 
measurements,  despite  apparently  adequate  sampling.  These  difficulties  emphasize  the  ■ 
critical  importance  of  adequate  sampling  and  careful  measurement  of  heights. 

Initial  differences  among  controls. — Initial  differences  among  controls  in  different 
installations  could  have  influenced  control  plot  growth  and,  therefore,  definition  of 
thinning  treatments.  In  retrospect,  all  controls  should  probably  have  been  reduced  to 
some  standard  number  of  stems  at  calibration. 


Number  of  installations. — There  is  some  difficulty  in  generalizing  results  because  of 
the  small  number  of  locations  represented.  There  are  five  LOGS  installations  on  site  II, 
two  on  site  III,  and  one  each  on  sites  IV  and  V.  Results  to  date  show  clearly  that,  among 
the  site  II  studies,  relationships  between  growth  and  growing  stock  are  qualitatively 
similar  but  quantitatively  considerably  different.  Five  locations  are  insufficient  to 
establish  good  regional  averages  or  to  identify  causes  of  differences.  This  will  be  even 
more  true  of  the  poorer  sites. 

The  combination  of  stringent  uniformity  requirements  and  the  relatively  large  area 
required  to  accommodate  three  replications  of  nine  treatments  forced  use  of  small  plots 
and  made  it  difficult  to  locate  suitable  areas,  thereby  limiting  the  number  of  installations. 
If  future  studies  are  to  sample  a  wider  range  of  site  conditions  and  geographical  areas, 
they  must  be  less  complex  and  less  demanding  in  area  and  uniformity  requirements  to 
allow  more  installations.  This  will  probably  mean  fewer  treatments  and  use  of  blocking 
or  covariates  to  reduce  the  effect  of  initial  variation  in  site  and  stand  conditions. 

Analysis. — The  study  plan  discussed  analyses  solely  in  terms  of  analyses  of  variance, 
and  contemplated  (but  did  not  spell  out)  a  combined  ANOVA  including  all  installations.  A 
combined  ANOVA  does  not  appear  feasible  because  of  uncertain  equivalence  of 
thinning  treatments  in  different  installations  and  because  of  heterogeneous  variances. 
The  more  meaningful  analyses  have  been  by  graphic  and  regression  methods.  We  think 
this  will  remain  true  for  future  analyses  of  these  studies. 

The  most  productive  future  use  of  the  LOGS  data  and  the  most  effective  means  of 
applying  results  to  practical  management  will  probably  be  their  use,  in  combination  with 
other  data,  in  construction  and  refinement  of  stand  simulators.  The  LOGS  studies 
provide  a  unique  set  of  high-quality  data  frrm  young  stands  maintained  at  relatively  low 
densities.  This  is  a  condition  of  crucial  importance  in  evaluating  stand  management 
regimes  for  our  future  forests,  and  for  which  very  liffle  other  data  are  now  available.  The 
LOGS  studies  provide  basic  information  on  the  nature  of  relationships  between  growth 
and  growing  stock  in  such  stands.  The  future  use  of  this  information  in  combination  with 
other  data  should  provide  greatly  improved  predictive  functions  for  stand  simulation. 

The  Future  The  LOGS  program  is  now  over  20  years  old  and  is  an  outstanding  example  of  continuity 

of  the  LOGS  Studies  and  coordination  achieved  with  a  minimum  of  formal  organization.  Study  installation  and 

maintenance  have  been  carried  out  by  the  individual  cooperators.  A  number  of  the 
I  studies  have  now  reached  a  stage  where  meaningful  analyses  can  be  made,  and  this 

'  report  is  a  first  effort  in  such  analyses.  As  additional  data  become  available  within  the 

next  few  years,  the  LOGS  data  will  be  widely  recognized  as  a  resource  unique  in  its 
nature  and  quality  and  a  "gold  mine"  for  those  engaged  in  growth  modeling  and  stand 
management  research.  It  is  therefore  important  that  there  be  no  loss  of  interest  and 
continuity  and  that  the  studies  on  the  poorer  sites — which  are  developing  slowly  and 
unspectacularly — be  earned  through  to  completion. 
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An  immediate  concern  is  disposition  of  the  site  II  studies  following  completion  of  the  fifth 
treatment  period,  which  marks  the  end  of  the  experiment  as  originally  planned  and  which 
is  now  imminent  for  four  LOGS  studies.  These  stands  are  still  well  short  of  any  reasonable 
final  harvest  age,  and  the  thinning  treatments  will  clearly  influence  stand  development 
long  after  the  originally  planned  completion  of  the  experiment.  The  stands  are  unique  in 
that  they  have  developed  under  closely  controlled  and  thoroughly  documented  condi- 
tions, including  relatively  low  densities.  Further  thinning  treatments  are  not  feasible, 
because  of  the  small  size  (0.2  acre)  of  the  plots.  There  are  simply  too  few  trees  left  per 
plot  to  allow  reasonable  thinning. 

The  stands  in  the  lower  density  treatments  are  still  relatively  open  and  will  undoubtedly 
make  excellent  growth  for  a  considerable  period  without  further  thinning.  Indeed,  an 
extended  period  of  growth  without  further  thinning  seems  a  reasonable  management 
alternative  for  stands  in  their  present  condition. 

We  recommend  that,  following  completion  of  the  fifth  treatment  period,  these  stands  be 
allowed  to  grow  without  further  treatment  for  at  least  two  additional  growth  periods 
(20  feet  of  height  growth)  with  remeasurements  made  after  1 0  and  after  20  feet  of  height 
growth. 

The  present  LOGS  Committee  should  continue  with  all  present  cooperators,  including 
those  that  have  installations  with  all  five  treatments  completed.  A  new  version  of  this 
report  should  be  prepared  as  soon  as  the  committee  feels  sufficient  additional  data  are 
available.  Such  a  revision,  or  supplemental  reports,  should  include  additional  analyses 
covering  topics  not  treated  here.  Examples  include  values  produced  by  thinning  regimes; 
crown  development;  stem  quality;  effect  of  absence  of  buffer  strips;  and  diameter 
distributions  in  relation  to  other  stand  characteristics  and  thinning  regimes. 


Metric  Equivalents         1  inch  =  2.54  centimeters 

1  foot  =  0.3048  meter 


1  square  foot  ^  0.09290  square  meter 

1  acre  =  0.4047  hectare 

1  square  foot  per  acre  =  0.2296  square  meter  per  hectare 

1  cubic  foot  per  acre  =  0.06997  cubic  meter  per  hectare 

1  mile  =  1 .609  kilometers. 
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Appendix  1 

Tables  22-51 


Table  22 — Skykomlsh  study:  means  of  periodic 
annual  increment  in  gross  basal  area  (all  trees),  by 
treatment  and  period 


Pe 

Tiod 

Treatf.ient 

1 

2 

3 

4 

Mean 

-   -   -   - 

-   -  Square 

feet 

per  acre 

per  year  -   - 

Fixed: 

1 

7.13 

6.34 

6.01 

4.83 

6.08 

3 

8.03 

7.19 

7.95 

6.58 

7.44 

5 

8.31 

7.33 

8.12 

7.46 

7.80 

7 

9.63 

8.86 

9.64 

8.49 

9.16 

llean 

8.28 

7.43 

7.93 

6.84 

7.62 

Increasing: 

2 

7.2b 

6.32 

7.15 

6.46 

6.80 

4 

7.74 

7.42 

8.08 

6.78 

7.51 

Mean 

7.50 

6.87 

7.62 

6.62 

7.15 

Decreasing: 

b 

8.93 

7.71 

8.31 

6.88 

7.96 

8 

8.83 

8.09 

8.62 

7.37 

8.23 

Mean 

8.88 

7.90 

8.46 

7.12 

8.09 

Variable: 

Mean 

8.19 

7.39 

8.04 

6.87 

7.62 

Mean,  all 

treatments 

8.24 

7.41 

7.98 

6.86 

7.62 

Table  23 — Hoskins  study:  means  of  periodic  annual 
increment  in  gross  basal  area  (all  trees),  by  treatment 
and  period 


Period 

Treatment 

1 

2 

3 

4 

Mean 

■  -  Square 

feet 

per  acre 

per  year  -  - 

Fixed: 

1 

11.08 

8.23 

6.33 

5.83 

7.87 

3 

11.80 

9.90 

8.23 

7.15 

9.27 

5 

12.90 

11.50 

9.83 

8.49 

10.68 

7 

13.62 

12.39 

10.03 

8.85 

11.22 

Mea.i 

12.35 

10.51 

8.61 

7.58 

9.76 

Increasing: 

2 

11.15 

8.87 

7.50 

6.68 

8.55 

4 

11.76 

10.07 

8.78 

7.35 

9.49 

Mean 

11.45 

9.47 

8.14 

7.01 

9.02 

Decreasing: 

b 

13.08 

11.24 

9.47 

7.83 

10.40 

8 

13.36 

11.87 

9.42 

8.52 

10.79 

Nean 

13.22 

11.56 

9.44 

8.18 

10.60 

Variaole; 

Mean 

12.34 

10.51 

8.79 

7.60 

9.81 

Mean,  all 

treatments 

12.34 

10.51 

8.70 

7.59 

9.78 

94 


Table  24 — demons  study:  means  of  periodic  annual 
increment  in  gross  basal  area  (all  trees),  by  treatment 
and  period 


Period 

Tredtment 

1 

2 

3 

4 

Mean 

-  -  _  _ 

-  -  Square  feet 

per  acre 

per  year  -  - 

Fixed; 

1 

6.o5 

5.96 

5.79 

4.59 

5.75 

3 

7.11 

6.67 

6.66 

5.58 

6.50 

b 

7.58 

8.03 

7.60 

5.54 

7.46 

7 

7.78 

7.94 

7.10 

5.79 

7.16 

Mean 

7.28 

7.15 

6.77 

5.65 

6.72 

Increasing: 

2 

7.02 

6.15 

5.62 

4.51 

5.88 

4 

7.33 

6.93 

6.97 

5.72 

6.74 

Mean 

7.18 

6.54 

6.39 

5.11 

6.31 

Decreasinij: 

5 

8.16 

7.57 

7.00 

5.38 

7.03 

8 

7.38 

7.71 

7.31 

5.77 

7.04 

Mean 

7.77 

7.64 

/.15 

5.58 

7.04 

Variable: 

Mean 

7.48 

7.U9 

6.78 

5.34 

6.67 

Mean ,  al 1 

treatments 

7.38 

7.12 

6.78 

5.50 

6.69 

Table  25 — Francis  study:  means  of  periodic  annual 
increment  in  gross  basal  area  (all  trees),  by  treatment 
and  period 


Period 

Treatment 

1 

2 

3 

4 

Mean 

-  Square  feet 

per  acre 

per  year  -  - 

Fixed: 

1 

8.33 

7.55 

6.38 

4.98 

6.81 

3 

8.73 

9.92 

8.19 

6.62 

8.37 

5 

10.69 

11.62 

8.97 

8.20 

9.87 

7 

12.27 

12.74 

11.43 

9.50 

11.48 

Mean 

10.00 

10.46 

8.74 

7.32 

9.13 

Increasing: 

2 

7.92 

7.80 

6.88 

5.92 

7.13 

4 

9.26 

10.40 

9.75 

8.49 

9.47 

He  an 

8.56 

9.10 

8.32 

7.21 

8.30 

Decreasing: 

6 

11.29 

11.21 

9.16 

7.72 

9.84 

8 

11.28 

11.52 

9.56 

8.23 

10.15 

Mean 

11.28 

11.37 

9.36 

7.98 

10.00 

Variable: 

Mean 

9.94 

10.23 

8.84 

7.59 

9.15 

Mean,  all 

treatments 

9.97 

10.35 

8.79 

7.46 

9.14 

95 


Table  26 — Skykomish  study:  means  of  gross  basal 
area  growth  percent  (all  trees),  by  treatment  and 
period 


Period 

Treatment 

1 

2 

3 

4 

Mean 

Fixed; 

1 

U.l 

9.2 

8.3 

6.6 

8.8 

3 

10.9 

8.8 

8.3 

6.3 

8.6 

5 

10.2 

7.6 

7.1 

5.6 

7.6 

7 

10.7 

8.0 

7.0 

5.3 

7.7 

Mean 

10.7 

8.4 

7.7 

5.9 

8.2 

Increasing: 

2 

U.l 

9.0 

8.6 

6.5 

8.8 

4 

10.6 

8.7 

7.7 

5.4 

8.1 

Mean 

10.8 

8.9 

8.2 

6.0 

8.4 

Decreasing: 

6 

10.9 

8.2 

7.8 

6.2 

8.3 

8 

9.9 

7.6 

6.8 

5.3 

7.4 

Mean 

10.4 

7.9 

7.3 

5.7 

7.8 

Variable: 

Mean 

10.6 

8.4 

7.7 

5.9 

8.2 

Mean,   all 

treatments 

10.7 

8.4 

7.7 

5.9 

8.2 

Table  27 — Hoskins  study:  means  of  gross  basal 
area  growth  percent  (all  trees),  by  treatment  and 
period 


Peri 

od 

Treatment 

1 

2 

3 

4 

Mean 

Fixed: 

1 

14.3 

11.3 

9.0 

7.5 

10.5 

3 

13.4 

10.3 

8.2 

6.4 

9.6 

5 

12.8 

9.5 

7.5 

5.8 

8.9 

7 

12.1 

8.7 

6.3 

4.9 

8.0 

Mean 

13.2 

9.9 

7.7 

6.1 

9.2 

Increasinsj: 

2 

14.2 

11.2 

8.9 

6.8 

10.3 

4 

13.2 

9.9 

7.7 

5.6 

9.1 

Mean 

13.7 

10.5 

8.3 

6.2 

9.7 

Decreasing: 

6 

12.9 

9.8 

8.0 

6.1 

9.2 

8 

11.9 

8.7 

6.4 

5.3 

8.1 

Mean 

12.4 

9.2 

7.2 

5.7 

8.6 

Variable: 

Mean 

13.0 

9.9 

7.8 

6.0 

9.2 

Mean,  all 

treatments 

13.1 

9.9 

7.8 

6.0 

9.2 

96 


Table  28 — demons  study:  means  of  gross  basal  area 
growth  percent  (all  trees),  by  treatment  and  period 


Pen 

od 

Treatment 

1 

2 

3 

4 

Mean 

Fixed: 

1 

12.8 

11.6 

10.8 

8.0 

10.8 

3 

12.3 

10.2 

9.1 

6.5 

9.5 

5 

11.5 

10.0 

8.2 

6.0 

8.9 

7 

11.0 

8.6 

6.6 

4.6 

7.7 

Mean 

11.9 

10.1 

8.7 

6.3 

9.2 

Increasing: 

2 

13.4 

11.2 

9.4 

6.2 

10.0 

4 

12.3 

10.0 

8.5 

6.0 

9.2 

Mean 

12.8 

10.6 

8.9 

6.1 

9.6 

Decreasing: 

6 

12.1 

9.9 

8.4 

6.2 

9.1 

8 

10.7 

8.6 

7.2 

5.1 

7.9 

Mean 

11.4 

9.3 

7.8 

5.6 

8.5 

Variable: 

Mean 

12.1 

9.9 

8.4 

5.9 

9.1 

Mean,  all 

treatments 

12.0 

10.0 

8.5 

6.1 

9.2 

Table  29 — Francis  study:  means  of  gross  basal  area 
growth  percent  (all  trees),  by  treatment  and  period 

Period 


Treatment  12  3  4  Mean 


Fixed: 
1 
3 

5 

7 

Mean 
Increasing: 

2 

4 

Mean 
Decreasing: 

6 

8 

Mean 
Variable: 

Mean  15.9      12.3        8.6        6.5      11.1 

Mean,  all 
treatments  16.9  12.4  8.8  6.6  11.2 


18.1 

14.2 

-  Percent  - 
11.2 

8.6 

13.0 

17.4 

13.1 

9.3 

6.7 

11.6 

15.6 

12.0 

7.6 

5.9 

10.3 

16.3 

11.0 

7.6 

5.4 

10.0 

16.9 

12.6 

8.9 

6.6 

11.2 

17.2 

13.4 

9.6 

6.7 

11.7 

17.3 

12.8 

9.0 

6.5 

11.5 

17.5 

13.1 

9.3 

6.6 

11.6 

16.8 

12.3 

8.8 

7.0 

11.2 

16.0 

10.7 

7.2 

5.5 

9.9 

16.4 

11.5 

8.0 

6.3 

10.5 

q? 


Table  30 — Skykomish  study:  means  of  periodic 
annual  Increment  in  gross  volume  (all  trees),  by 
treatment  and  period 


Period 

Treatment 

1 

2 

3 

4 

Mean 



-  -  Cubic 

feet 

per  acre 

per  year  -  - 



Fixed: 

1 

245 

251 

260 

243 

250 

3 

258 

288 

349 

308 

301 

5 

295 

302 

413 

408 

355 

7 

314 

338 

440 

454 

387 

Mean 

278 

295 

366 

353 

323 

Increasing: 

2 

242 

254 

323 

337 

389 

4 

254 

319 

377 

330 

320 

Mean 

248 

286 

350 

334 

305 

Decreasiny: 

6 

296 

322 

360 

361 

335 

8 

320 

336 

417 

349 

355 

Mean 

308 

329 

389 

355 

345 

Variable: 

Mean 

278 

303 

369 

344 

325 

Mean,  all 

treatments 

278 

301 

367 

349 

324 

Table  31 — Hoskins  study:  means  of  periodic  annual 
increment  in  gross  volume  (all  trees),  by  treatment 
and  period 


Period 

Treatment 

1 

2 

3 

4 

Mean 

-  -  Cubic 

feet  per  acre 

per  year  -  ■ 



Fixed: 

1 

322 

293 

223 

256 

274 

3 

349 

385 

316 

344 

348 

5 

398 

439 

408 

416 

415 

7 

428 

494 

437 

471 

458 

Mean 

374 

403 

346 

372 

374 

Increasing: 

2 

328 

325 

286 

301 

310 

4 

356 

384 

357 

361 

365 

Mean 

342 

355 

321 

331 

337 

Decreasing: 

6 

396 

427 

376 

368 

392 

8 

423 

485 

378 

453 

435 

Mean 

409 

456 

377 

411 

413 

Variable: 

Mean 

376 

405 

349 

371 

375 

Mean,  all 

treatments 

375 

404 

348 

371 

374 

98 


Table  32 — demons  study:  means  of  periodic  annual 
increment  in  gross  volume  (all  trees),  by  treatment 
and  period 


Period 

Treatment 

1 

2 

3 

4 

Mean 

_  _  _  _ 

-  -  Cubic 

feet 

per  acre  per  year  - 

Fixed: 

1 

188 

190 

198 

189 

191 

3 

196 

232 

263 

238 

232 

5 

206 

250 

286 

259 

250 

7 

233 

293 

277 

257 

265 

Mean 

206 

241 

256 

236 

235 

Increasi ng: 

2 

187 

216 

212 

206 

205 

4 

201 

232 

264 

234 

233 

dean 

194 

224 

238 

220 

219 

Decreasiny: 

6 

228 

256 

283 

234 

250 

8 

217 

279 

273 

260 

257 

He  an 

222 

267 

278 

247 

254 

Variable: 

Mean 

208 

246 

258 

234 

236 

Mean,  all 

treatments 

2U7 

243 

257 

235 

236 

Table  33 — Francis  study:  means  of  periodic  annual 
increment  in  gross  volume  (all  trees),  by  treatment 
and  period 


Period 

Treatment 

1 

2 

3 

4 

Mean 

-  Cubic  feet 

per  acre  per  ysir  - 



Fixed: 

1 

168 

196 

194 

180 

184 

3 

188 

274 

260 

258 

245 

5 

239 

331 

334 

360 

316 

7 

272 

369 

417 

408 

367 

Mean 

217 

292 

302 

301 

278 

Increasing: 

2 

184 

222 

225 

233 

216 

4 

208 

290 

336 

343 

294 

Mean 

196 

256 

281 

288 

255 

Decreasing: 

6 

249 

312 

311 

304 

294 

8 

256 

342 

365 

371 

334 

Mean 

252 

327 

338 

338 

314 

Variable: 

Mean 

224 

292 

310 

313 

285 

Mean,  all 

' 

treatments 

221 

292 

306 

307 

281 

99 


Table  34 — Skykomish  study:  means  of  gross  volume 
growth  percent  (all  trees),  by  treatment  and  period 


Period 

Tredtiiient 

1 

Z 

3 

4 

Mean 

Fixed: 

1 

14.7 

12.6 

10.9 

9.0 

11.8 

3 

14.5 

13.0 

11.7 

8.4 

11.9 

5 

14.8 

11.3 

11.1 

8.3 

11.4 

7 

13.8 

11.0 

10.3 

8.0 

10.8 

Mean 

14.4 

12.0 

11.0 

8.4 

11.5 

Increasing: 

2 

15.1 

13.1 

12.1 

9.4 

12.4 

4 

14.3 

13.4 

11.2 

7.4 

11.6 

Mean 

14.7 

13.3 

11.7 

8.4 

12.0 

Decreasing: 

6 

14.4 

12.2 

10.6 

9.0 

11.6 

8 

14.3 

11.2 

10.3 

7.0 

10.7 

Mean 

14.3 

11.7 

10.4 

3.0 

11.1 

Variable: 

Mean 

14.5 

12.5 

11.0 

8.2 

11.6 

Mean ,  al 1 

treatments 

14.5 

12.2 

11.0 

8.3 

11.5 

Table  35 — Hosklns  study:  means  of  gross  volume 
growth  percent  (all  trees),  by  treatment  and  period 


Per- 

iod 

Treatment 

1 

2 

3 

4 

Mean 

Fixed: 

1 

19.3 

15.8 

11.4 

10.7 

14.3 

3 

18.4 

15.5 

11.0 

9.7 

13.7 

5 

18.4 

14.2 

11.0 

9.0 

13.1 

7 

17.8 

13.5 

9.6 

8.3 

12.3 

Mean 

18.4 

14.8 

10.8 

9.4 

13.3 

Increasing: 

2 

19.3 

15.8 

11.9 

9.8 

14.2 

4 

18.3 

14.5 

10.9 

8.7 

13.1 

Mean 

18.8 

15.2 

11.4 

9.2 

13.7 

Decreasing: 

6 

18.3 

14.6 

11.4 

9.3 

13.4 

8 

17.3 

13.7 

9.0 

8.8 

12.2 

Mean 

17.8 

14.2 

10.2 

9.0 

12.8 

Variable: 

Mean 

18.3 

14.7 

10.8 

9.2 

13.2 

Mean,   all 

treatments 

18.4 

14.7 

10.8 

9.3 

13.3 

100 


Table  36 — demons  study:  means  of  gross  volume 
growth  percent  (all  trees),  by  treatment  and  period 


Per 

od 

Treatment 

1 

2 

3 

4 

Mean 

Fixed: 

1 

18.4 

16.0 

14.1 

11.1 

14.9 

3 

17.3 

15.2 

13.4 

9.1 

13.7 

5 

Id. 6 

14.1 

12.4 

8.4 

12.9 

7 

16.1 

13.2 

9.5 

6.9 

11.4 

Mean 

17.1 

14.6 

12.3 

8.9 

13.2 

Increasing: 

2 

17.8 

16.5 

12.6 

9.4 

14.1 

4 

17.2 

14.4 

12.3 

8.4 

13.1 

Mean 

17.5 

15.5 

12.5 

8.9 

13.6 

Decreasing: 

6 

17.4 

14.5 

12.8 

8.9 

13.4 

8 

15.9 

13.3 

10.2 

7.9 

11.8 

Mean 

16.6 

13.9 

11.5 

8.4 

12.6 

Variable: 

Mean 

17.1 

14.7 

12.0 

8.6 

13.1 

Mean,  all 

treatments 

17.1 

14.7 

12.2 

8.8 

13.2 

Table  37 — Francis  study:  means  of  gross  volume 
growth  percent  (all  trees),  by  treatment  and  period 


Pen 

od 

Treatment 

1 

2 

3 

4 

Mean 

Fixed: 

1 

23.6 

19.0 

14.7 

11.8 

17.3 

3 

23.4 

18.1 

12.6 

9.9 

16.0 

5 

21.4 

17.0 

11.7 

9.2 

14.8 

7 

22.9 

16.2 

11.7 

8.5 

14.8 

Mean 

22.8 

17.6 

12.7 

9.8 

15.7 

Increasi ng: 

2 

23.0 

17.9 

12.5 

9.5 

15.7 

4 

23.9 

17.5 

12.8 

9.5 

15.9 

Mean 

23.4 

17.7 

12.7 

9.5 

15.8 

Decreasing: 

6 

22.6 

17.0 

12.5 

10.2 

15.6 

8 

22.2 

15.8 

11.4 

8.9 

14.6 

Mean 

22.4 

16.4 

12.0 

9.5 

15.1 

Variable: 

Mean 

22.9 

17.0 

12.3 

9.5 

15.4 

Mean,  all 

treatments 

22.9 

17.3 

12.5 

9.7 

15.6 
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Table  38— Skykomish  study:  means  of  periodic 
annual  increment  in  quadratic  mean  diameter  (all 
trees),  by  treatment  and  period 


Peri 

od 

Treatment 

1 

2 

3 

4 

Mean 

. Inc 

:hes 

;  per  year  ■ 



Fixed: 

1 

0.445 

0.443 

0.499 

0.489 

0.469 

3 

.404 

.377 

.431 

.400 

.403 

5 

.375 

.322 

.345 

.314 

.339 

7 

.409 

.349 

.356 

.301 

.354 

Mean 

.408 

.373 

.408 

.376 

.391 

Increasing: 

1 

.411 

.387 

.440 

.397 

.409 

4 

.439 

.419 

.442 

.362 

.415 

Mean 

.425 

.403 

.441 

.379 

.412 

Decreasing: 

6 

.397 

.350 

.392 

.376 

.379 

8 

.362 

.318 

.329 

.293 

.326 

Mean 

.380 

.334 

.361 

.334 

.352 

Variable: 

Mean 

.402 

.369 

.401 

.357 

.382 

Mean,  all 

treatments 

.405 

.371 

.404 

.367 

.387 

Table  39 — Hoskins  study:  means  of  periodic  annual 
increment  in  quadratic  mean  diameter  (all  trees),  by 
treatment  and  period 


Peri 

iod 

Treatment 

1 

2 

3 

4 

Mean 

Inches 

per  year  - 

Fixed: 

1 

0.588 

0.603 

0.559 

0.537 

0.572 

3 

.545 

.519 

.472 

.416 

.488 

5 

.498 

.449 

.398 

.341 

.422 

7 

.488 

.415 

.333 

.287 

.381 

Mean 

.530 

.497 

.440 

.395 

.465 

Increasing: 

2 

.601 

.610 

.570 

.487 

.567 

4 

.548 

.506 

.442 

.363 

.465 

Mean 

.575 

.558 

.506 

.425 

.516 

Decreasing: 

6 

.527 

.492 

.456 

.396 

.468 

8 

.476 

.416 

.340 

.306 

.385 

Mean 

.502 

.454 

.398 

.351 

.426 

Variable: 

Mean 

.538 

.506 

.452 

.388 

.471 

Mean,  all 

treatments 

.534 

.501 

.446 

.392 

.468 
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Table  40 — demons  study:  means  of  periodic  annual 
increment  in  quadratic  mean  diameter  (all  trees),  by 
treatment  and  period 


Per 

iod 

Treatment 

1 

2 

3 

4 

Mean 

Inches  per  year 

Fixed: 

0.407 

0.465 

0.527 

0.471 

0.468 

3 

.384 

.392 

.415 

.342 

.383 

5 

.344 

.357 

.338 

.282 

.330 

7 

.330 

.305 

.261 

.203 

.275 

Mean 

.366 

.380 

.385 

.324 

.364 

Increasing: 

2 

.456 

.485 

.492 

.389 

.455 

4 

.394 

.391 

.382 

.304 

.368 

Mean 

.425 

.438 

.437 

.346 

.411 

Decreasing: 

6 

.375 

.373 

.365 

.306 

.355 

8 

.308 

.292 

.277 

.223 

.275 

Mean 

.342 

.332 

.321 

.265 

.315 

Variable: 

Mean 

.383 

.385 

.379 

.305 

.363 

Mean,  all 

treatments 

.375 

.383 

.382 

.315 

.364 

Table  41 — Francis  study:  means  of  periodic  annual 
increment  in  quadratic  mean  diameter  (all  trees), 
by  treatment  and  period 


Period 

Treatment 

1 

2         3 

4 

Mean 



Fixed: 

1 

0.551 

0.589      0.624 

0.580 

0.586 

3 

.543 

.540       .485 

.422 

.497 

5 

.477 

.472       .372 

.325 

.411 

7 

.482 

.412       .340 

.272 

.376 

Mean 

.513 

.503       .455 

.400 

.468 

Increasing: 

2 

.589 

.625       .579 

.483 

.569 

4 

.565 

.535       .469 

.398 

.491 

Mean 

.577 

.580       .524 

.440 

.530 

Decreasing: 

5 

.519 

.495       .440 

.420 

.468 

8 

.455 

.385       .311 

.271 

.356 

Mean 

.487 

.440       .375 

.346 

.412 

Variable: 

Mean 

.532 

.510       .450 

.393 

.471 

Mean,  all 

treatments 

.523 

.567       .452 

.396 

.469 
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Table  42 — Skykomish  study:  means  of  quadratic 
mean  diameter  growth  percent  (all  trees),  by  diameter 
and  period 


Pen 

od 

Treatment 

1 

2 

3 

4 

Mean 



. 

Percent  - 

Fixed: 

1 

5.57 

4.65 

4.17 

3.31 

4.42 

3 

5.48 

4.42 

4.20 

3.17 

4.32 

5 

5.15 

3.83 

3.56 

2.82 

3.84 

7 

5.38 

3.99 

3.54 

2.64 

3.89 

Mean 

5.40 

4.22 

3.87 

2.98 

4.12 

Increasing: 

2 

5.57 

4.52 

4.32 

3.29 

4.42 

4 

5.32 

4.38 

3.89 

2.72 

4.08 

Mean 

5.44 

4.45 

4.10 

3.01 

4.25 

Decreasing: 

6 

5.48 

4.14 

3.93 

3.11 

4.16 

8 

4.98 

3.81 

3.43 

2.66 

3.72 

Mean 

5.23 

3.98 

3.68 

2.88 

3.94 

Variable: 

Mean 

5.34 

4.21 

3.89 

2.94 

4.20 

Mean,  all 

treatments 

5.37 

4.22 

3.88 

2.96 

4.11 

Table  43 — Hoskins  study:  means  of  quadratic 
mean  diameter  growth  percent  (all  trees),  by 
treatment  and  period 


Pen 

od 

Treatment 

1 

2 

3 

4 

Mean 

Fixed: 

1 

7.32 

5.70 

4.49 

3.77 

5.32 

3 

6.84 

5.16 

4.10 

3.21 

4.83 

5 

6.51 

4.78 

3.76 

2.89 

4.48 

7 

6.16 

4.35 

3.14 

2.46 

4.03 

Mean 

6.71 

5.00 

3.87 

3.08 

4.66 

Increasing: 

2 

7.28 

5.62 

4.47 

3.42 

5.20 

4 

6.71 

4.96 

3.85 

2.82 

4.58 

Mean 

6.99 

5.29 

4.16 

3.12 

4.89 

Decreasing: 

6 

6.57 

4.93 

4.02 

3.08 

4.65 

8 

6.02 

4.37 

3.22 

2.64 

4.06 

Mean 

6.29 

4.65 

3.62 

2.86 

4.36 

Variable: 

Mean 

6.64 

4.97 

3.89 

2.99 

4.62 

Mean,  all 

treatments 

6.68 

4.98 

3.88 

3.04 

4.64 

104 


Table  44 — demons  study:  means  of  quadratic  mean 
diameter  growth  percent  (all  trees),  by  treatment  and 
period 


Per 

od 

Treatment 

1 

2 

3 

4 

Mean 

Percent  -  - 

Fixed: 

1 

6.49 

5.87 

5.45 

4.03 

5.46 

3 

6.24 

5.13 

4.58 

3.26 

4.80 

5 

5.86 

5.01 

4.11 

3.01 

4.49 

7 

5.58 

4.33 

3.30 

2.29 

3.87 

Mean 

6.04 

5.08 

4.36 

3.15 

4.66 

Increasing: 

2 

6.80 

5.63 

4.71 

3.14 

5.07 

4 

6.26 

5.01 

4.28 

2.99 

4.63 

Mean 

6.53 

5.32 

4.49 

3.06 

4.85 

Decreasing: 

6 

6.15 

4.98 

4.22 

3.09 

4.61 

S 

5.40 

4.32 

3.60 

2.58 

3.97 

Mean 

5.77 

4.65 

3.91 

2.83 

4.29 

Variable: 

Mean 

6.15 

4.99 

4.20 

2.95 

4.57 

Mean,  all 

treatments 

6.10 

5.04 

4.28 

3.05 

4.62 

Table  45 — Francis  study:  means  of  quadratic  mean 
diameter  growth  percent  (all  trees),  by  treatment  and 
period 


Period 

Treatment 

1 

2 

3 

4 

Mean 

Fixed: 

1 

9.22 

7.24 

5.68 

4.35 

6.62 

3 

8.88 

6.68 

4.68 

3.38 

5.90 

5 

7.93 

6.11 

3.92 

2.96 

5.23 

7 

8.26 

5.58 

3.80 

2.68 

5.08 

Mean 

8.57 

6.40 

4.52 

3.34 

5.71 

Increasing: 

2 

8.74 

6.83 

4.82 

3.39 

5.94 

4 

9.06 

6.52 

4.56 

3.28 

5.85 

Mean 

8.90 

6.67 

4.69 

3.34 

5.90 

Decreasing: 

6 

8.53 

6.23 

4.42 

3.54 

5.68 

8 

8.12 

5.43 

3.64 

2.78 

4.99 

Mean 

8.33 

5.83 

4.03 

3.16 

5.34 

Variable: 

Mean 

8.61 

6.25 

4.36 

3.25 

5.62 

Mean,  all 

treatments 

8.59 

6.32 

4.44 

3.29 

5.66 
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Table  46 — Gross  cubic  volume  yield  in  trees  1.6  inches  d.b.h.  and  larger 
(material  removed  in  calibration  cut  excluded),  by  treatment  and  age,  for  the 
Skykomish,  Hoskins,  demons,  Francis,  and  Iron  Creek  studies 


Aye 

H40 

Oross   vo 

1  uiiie  yielJ 

by   treatments 

Fixed 

Increasing 

Decreasing 

T-1 

T-3 

T-5 

T-7 

T-2 

T-4 

T-6 

T-8 

Control 

Years 

Feet 

f  iih  1  r     f  pp  I" 

per  acre 
895 

Skykomi sh 

24 

48 

960 

918 

932 

976 

888 

947 

934 

1,271 

28 

60 

2,081 

1,897 

1,903 

2,151 

1,914 

1,921 

2,001 

2,010 

2,460 

31 

69 

2,816 

2,671 

2,788 

3,091 

2,641 

2,684 

2,890 

2,970 

3,682 

34 

77 

3,569 

3,534 

3,696 

4,107 

3,402 

3,641 

3,856 

3,977 

5,023 

38 

90 

4,609 

4,932 

5,347 

5,868 

4,696 

5,147 

5,296 

5,646 

6,863 

42 

lOU 

5,581 

6  ,16d 

6,980 

7,686 

6,045 

6,468 

6,739 

7,041 

8,854 

Hoskins 

20 

40 

744 

746 

720 

750 

729 

749 

743 

768 

1,982 

23 

5U 

1,581 

1,581 

1,570 

1,574 

1,616 

1,628 

1,599 

1,637 

3,389 

27 

63 

2,868 

2,975 

3,160 

3,286 

2,926 

3,054 

3,182 

3,330 

5,680 

30 

73 

3,748 

4,131 

4,477 

4,769 

3,902 

4,206 

4,463 

4,784 

7,430 

32 

78 

4,195 

4,763 

5,294 

5,643 

4,473 

4,920 

5,215 

5,540 

8,310 

3b 

89 

5,217 

6,139 

6,956 

7,527 

5,679 

6,366 

6,689 

7,352 

10,618 

demons 

19 

36 

477 

470 

438 

492 

524 

507 

459 

469 

854 

22 

46 

1,028 

1,016 

920 

1,044 

1,156 

1,067 

1,021 

951 

1,599 

26 

57 

1,780 

1,800 

1,743 

1,976 

1,905 

1,872 

1,933 

1,819 

2,766 

29 

66 

2,350 

2,495 

2,491 

2,856 

2,554 

2,567 

2,699 

2,656 

3,907 

32 

74 

2,942 

3,283 

3,349 

3,688 

3,189 

3,350 

3,649 

3,476 

4,949 

36 

82 

3,700 

4,236 

4,386 

4,716 

4,014 

4,296 

4,484 

4,516 

6,242 

Francis 

lb 

29 

304 

318 

350 

281 

382 

351 

329 

283 

543 

18 

39 

802 

867 

895 

793 

994 

918 

881 

779 

1,328 

21 

46 

1,307 

1,432 

1,613 

1,609 

1,547 

1,542 

1,627 

1,547 

2,439 

2b 

58 

2,091 

2,528 

2,937 

3,083 

2,437 

2,703 

2,875 

2,917 

4,123 

29 

68 

2,866 

3,570 

4,311 

4,753 

3,338 

4,047 

4,119 

4,379 

5,958 

33 

77 

3,585 

4,602 

5,757 

6,387 

4,272 

5,420 

5,357 

5,867 

7,666 

Iron  Creek 

19 

39 

600 

648 

733 

734 

735 

771 

629 

763 

1,115 

23 

50 

1,389 

1,488 

1,606 

1,619 

1,573 

1,721 

1,454 

1,678 

2,342 

26 

58 

2,039 

2,227 

2,486 

2,618 

2,392 

2,506 

2,286 

2,618 

3,561 

30 

68 

2,889 

3,327 

3,766 

4,039 

3.338 

3,662 

3,559 

3,952 

5,329 

33 

77 

3,471 

4,187 

4,881 

5,267 

4,070 

4,672 

4,537 

4,997 

6,768 

T-n  =  treatment  "n." 
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Table  47 — Quadratic  mean  diameters  (after  thinning),  by  treatment  and  age,  for  the  Skykomish,  Hoskins, 
demons,  Francis,  and  Iron  Creek  studies 


Age 

H40 

Quadrat 

ic  mean  c 

.b. 

h.  (after  th 

inning) , 

by 

treatment 

Fixed 

Increasing 

Decreasing 

T-1 

T 

-3 

T-5 

T-7 

T 

-2 

T-4 

T 

-6 

T 

-8 

Control 

Years 
24 

Feet 
48 

Ini-hoc 

Skykomisn  1/ 

5.3  (6 

4)  1/ 

5.0 

(5.6) 

5.1  (6 

2) 

5.2  (6 

0) 

5.0 

(5 

7) 

5.5  (6 

2) 

4.9 

(5 

6) 

5.1 

(6.2) 

4.7  (5.6) 

28 

60 

7.3  (8.8) 

6.8 

(7 

4) 

6.7  (8 

3) 

7.0  (7 

9) 

6.8 

(7 

4) 

7.6  (8.4) 

6.6 

(7 

3) 

6.7 

(7 

9) 

5.8  (6.8) 

31 

69 

8.8(10 

4) 

8.0 

(8.8) 

7.8  (9 

7) 

8.2  (9 

3) 

8.0 

(8.4) 

8.9  (9 

9) 

7.8 

(8 

6) 

7.9 

(9 

1) 

6.6  (7.7) 

34 

77 

10.9(12 

3) 

9.4(10 

4) 

8.9(11 

0) 

9.3(10 

4) 

9.3 

(9 

8) 

10.4(11 

4) 

9.1(10 

1) 

8.9(10 

2) 

7.2  (8.4) 

38 

90 

13.8(14.8) 

11.8(13 

0) 

10.4(13 

1) 

10.8(12 

2) 

11.3(12 

0) 

12.5(13 

5) 

11.2(12 

8) 

10.4(12 

2) 

8.2  (9.8) 

42 

100 

15.8(17 

1) 

14.2(15 

4) 

12.0(15 

0) 

12.1(13 

9) 

13.0(14 

0) 

14.2(15 

2) 

13.5(15 

2) 

11.9(14 

1) 

9.3(11.2) 

Hoskins 

20 
23 
27 
30 
32 
36 

40 
50 
63 
73 
78 
89 

5.1 

6.9 

9.7 

11.9 

13.2 

15.7 

5.1 

6.9 

9.3 

11.0 

12.1 

14.0 

5.0 

6.7 

8.7 

10.2 

11.1 

12.6 

5.2 

6.9 

8.9 

10.3 

11.1 

12.3 

5.2 

7.1 

9.9 

12.2 

13.3 

15.4 

5.3 

7.1 

9.5 

11.1 

12.2 

13.7 

5.2 

7.0 

9.3 

10.9 

12.0 

13.9 

5.3 

7.0 

8.9 

10.2 

11.0 

12.3 

3.8 
4.6 
5.8 
6.6 
7.2 
8.2 

demons 

19 
22 
26 
29 
32 
36 

36 
46 
57 
66 
74 
82 

4.1 
5.4 
7.2 
8.9 
10.7 
12.6 

4.1 
5.4 
7.0 
8.5 
9.8 
11.8 

4.0 
5.2 
6.6 
7.7 
8.7 
10.0 

4.0 
5.2 
6.6 

7.5 
8.4 
9.3 

4.2 
5.8 
7.9 
9.7 
11.6 
13.6 

4.2 
5.4 
7.1 
8.3 
9.5 
10.8 

4.1 
5.4 
6.9 
8.1 
9.4 
10.8 

4.0 
5.1 
6.3 
7.3 
8.2 
9.1 

4.0 
4.9 
5.9 
6.6 
7.2 
7.9 

'rands 

15 
18 
21 
25 
29 
33 

29 
39 
46 
58 
68 
77 

3.6 
5.2 
7.0 
9.7 
12.2 
14.7 

3.7 
5.3 
7.0 
9.4 
11.6 
13.6 

3.7 
5.3 
6.8 
8.8 
10.4 
11.7 

3.5 
5.1 
6.6 
8.3 
9.6 
10.7 

3.9 

5.9 

7.9 

10.8 

13.2 

15.2 

3.8 
5.4 
7.1 
9.3 
11.3 
12.9 

3.6 
5.3 
6.9 
9.1 
11.1 
13.2 

3.4 
4.9 
6.3 
7.9 
9.2 
10.4 

3.3 
4.0 
4.8 
5.7 
6.4 
7.0 

Iron  Creek 

19 
23 
26 
30 
33 

39 
50 
58 
68 
77 

4.8 

6.7 

8.3 

10.6 

12.2 

5.0 

6.8 

8.3 

10.1 

11.4 

5.1 
6.9 
8.3 
9.9 
10.8 

5.1 
6.7 
8.0 
9.4 
10.3 

5.1 

7.0 

8.5 

10.6 

11.9 

5.1 

7.0 

8.5 

10.4 

11.6 

4.8 
6.6 
8.0 
9.6 
10.9 

5.1 
6.9 
8.3 
9.8 
10.9 

4.1 
4.5 
5.1 
5.7 
6.2 

f-n  =  treatment  "n." 

./  Values   for  Douglas-fir  only  given   in   parentheses. 
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Table  48 — Periodic  annual  gross  volume  increment  (PA!)  by  treatment  and  period, 
for  all  trees  1.6  inches  d.b.h.  and  larger,  for  the  Skykomish,  Hoskins,  demons, 
Francis,  and  Iron  Creek  studies 


Period 

Period 

Period 

ic  annual 

gross 

volume 

increment,  by 

treatment 

Fixed 

Increasing 

Decreasing 

Control  , 

study 

ajes 

H40 

T-1 

T-3 

T-5 

T-7 

T-2 

T-4 

T-6 

T-8 

Control 

net 

Years 

Feet 

.  .  . 

.  .  - 

-  .  .  . 

Cub 

ic  feet 

per  acre  per 

year  - 



Skykomish 

24-28 

48-60 

280 

245 

243 

294 

257 

256 

264 

269 

297 

297 

28-31 

60-69 

245 

258 

295 

314 

242 

254 

296 

320 

407 

401 

31-34 

69-77 

251 

288 

303 

338 

254 

319 

322 

336 

447 

439 

34-38 

77-90 

260 

349 

413 

440 

323 

377 

360 

417 

460 

381 

38-42 

90-100 

243 

308 

408 

454 

337 

330 

361 

349 

498 

422 

Hoskins 

20-23 

40-50 

279 

278 

283 

275 

296 

293 

285 

290 

469 

460 

23-27 

50-63 

322 

349 

398 

428 

328 

356 

396 

423 

573 

512 

27-30 

63-73 

293 

385 

439 

494 

325 

384 

427 

485 

583 

514 

30-32 

73-78 

223 

316 

408 

437 

286 

357 

376 

378 

1/  440 

1/  276 

32-35 

78-39 

256 

344 

416 

471 

301 

361 

368 

453 

577 

451 

Cleiiions 

19-22 

36-46 

184 

182 

161 

184 

211 

187 

187 

161 

248 

247 

22-26 

46-57 

188 

196 

206 

233 

187 

201 

228 

217 

292 

289 

26-29 

57-66 

190 

232 

249 

293 

216 

232 

256 

279 

381 

374 

29-32 

66-74 

198 

263 

286 

277 

212 

264 

283 

273 

347 

303 

32-36 

74-82 

189 

238 

259 

257 

206 

234 

234 

260 

323 

290 

Francis 

15-18 

29-39 

166 

183 

182 

171 

204 

186 

184 

165 

262 

258 

18-21 

39-46 

168 

188 

239 

272 

184 

208 

249 

256 

370 

366 

21-25 

46-58 

196 

274 

331 

369 

222 

290 

312 

342 

421 

412 

25-29 

58-68 

194 

261 

343 

418 

225 

335 

311 

366 

459 

437 

29-33 

68-77 

180 

258 

360 

408 

233 

343 

310 

372 

427 

415 

Iron  Creek 

19-23 

39-50 

197 

210 

218 

221 

234 

238 

206 

229 

307 

303 

23-26 

50-58 

216 

246 

293 

333 

240 

262 

277 

320 

406 

394 

26-30 

58-68 

212 

275 

320 

355 

237 

289 

318 

328 

442 

415 

30-33 

68-77 

213 

293 

372 

424 

266 

345 

331 

360 

480 

322 

T-n  =  treatment  "n. 

" 

ij    Includes  one  plot  with  unexplained  very  low  volume  growth  in  this  period;  this  was  excluded  from 
regression  analyses. 
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Table  49 — Mean  annual  Increment  (MAI)  in  gross  volume,^  by  treatment  and 
period,  for  all  trees  1.6  inches  d.b.h.  and  larger,  for  the  Skykomish,  Hoskins, 
demons,  Francis,  and  Iron  Creek  studies 


Midperiod 

Midperiod 

Mean 

annual 

gross 

volume 

increment,  by 

treatment 

Fixed 

Increasing 

Decreasing 

study 

Period 

age 

H40 

T-1 

T-3 

T-5 

T-7 

T-2 

T-4 

T-6 

T-8 

Control 

Years 

Feet 

.  .  . 

-  - 

-  -  C 

ubic  feet  per 

acre  per 

year 



Skykomish 

C 

2b 

54 

58 

54 

54 

60 

54 

54 

57 

57 

72 

1 

29.5 

65 

83 

77 

80 

89 

77 

78 

83 

84 

104 

2 

32.5 

73 

98 

95 

110 

111 

93 

97 

104 

118 

134 

3 

36 

84 

114 

118 

126 

138 

112 

122 

127 

138 

165 

4 

40 

95 

127 

139 

154 

169 

134 

145 

150 

159 

196 

Hoskins 

C 

21.5 

45 

54 

54 

53 

54 

54 

55 

54 

56 

125 

1 

25 

57 

89 

91 

95 

97 

91 

94 

96 

99 

181 

2 

28.5 

68 

116 

125 

134 

141 

120 

127 

134 

142 

230 

3 

31 

76 

128 

143 

158 

168 

135 

147 

156 

166 

254 

4 

34 

84 

138 

160 

180 

194 

149 

166 

175 

190 

278 

demons 

C 

20.5 

41 

37 

36 

33 

37 

41 

38 

36 

35 

60 

1 

24 

51 

58 

59 

55 

63 

64 

61 

62 

58 

91 

2 

27.5 

61 

75 

78 

77 

88 

81 

81 

84 

81 

121 

3 

30.5 

70 

87 

95 

96 

107 

94 

97 

102 

100 

145 

4 

34 

78 

98 

111 

114 

124 

106 

113 

118 

118 

165 

Francis 

C 

16.5 

34 

34 

36 

38 

32 

42 

39 

37 

32 

57 

1 

19.5 

43 

54 

69 

64 

62 

65 

63 

64 

60 

97 

2 

23 

52 

74 

86 

99 

102 

87 

92 

115 

97 

143 

3 

27 

63 

92 

113 

134 

145 

107 

125 

130 

135 

187 

4 

31 

72 

104 

132 

162 

180 

123 

153 

153 

165 

220 

Iron  Creek 

C 

21 

45 

47 

51 

56 

56 

57 

59 

49 

58 

82 

1 

24.5 

54 

70 

76 

84 

86 

83 

86 

76 

88 

120 

2 

28 

63 

88 

99 

112 

119 

102 

110 

104 

118 

159 

3 

31.5 

73 

101 

119 

137 

148 

118 

132 

128 

142 

192 

T-n  =  treatment  "n." 

1_/  Computations  based  on  aje  at  midpoint  of  growth  period. 
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Table  50 — Volumes  produced  In  trees  larger  than  1.6,  7.6,  9.6,  11.6,  and  13.6 
inches  d.b.h.,  at  end  of  4th  treatment  period,  for  the  Skykomish  and  Hoskins 
studies 


Skykomish 

Hoskins 

Total 

Total 

Treatment 

Size  class 

Live  stand 

production  1/ 

Live  stand 

production  1/ 

Inches  d.b.h. 
1.6+ 

-  -  -  -.  Piihir  ■fppi' 

npr  ;^rr*P  _ 

1 

3,172 

-   -   -   -  LfliUIL.   1  cc  u 

5,581 

pCf   QL.  re  —   - 

2,906 

5.218 

7.6+ 

3,172 

4.827 

2,906 

4.640 

9.6+ 

3,172 

3,972 

2,906 

3.986 

11.6+ 

3,085 

3.476 

2,906 

3.549 

13.6+ 

2,693 

2,924 

2,423 

2.528 

2 

1.6+ 

4,262 

6,045 

3,686 

5.679 

7.6+ 

4,262 

5,395 

3,686 

5.235 

9.6+ 

4,018 

4,438 

3,671 

4.627 

11.6+ 

3,260 

3.436 

3,487 

3,935 

13.6+ 

2,312 

2,449 

2,993 

3,109 

3 

1.6+ 

4,219 

6,166 

4.222 

6,138 

7.6  + 

4,175 

5,479 

4.222 

5,675 

9.6+ 

3,941 

4.509 

4.047 

4,924 

11.6  + 

3,457 

3,658 

3.912 

4,383 

13.6+ 

2,687 

2,733 

2.714 

2,949 

4 

1.6+ 

5,142 

6,468 

4,865 

6,366 

7.6+ 

5,103 

5,960 

4,855 

5,948 

9.6  + 

4,959 

5,330 

4,731 

5,331 

11.6+ 

4,255 

4,299 

4,485 

4,770 

13.6  + 

3,614 

3,614 

3,138 

3,240 

5 

1.6+ 

5,720 

6,980 

5,475 

6,956 

7.D  + 

5,594 

6,369 

5,374 

6,433 

9.6+ 

4,564 

4,885 

5,137 

5,754 

11.6+ 

3,424 

3,484 

4,381 

4,653 

13.6+ 

2,721 

2,781 

2.655 

2,763 

6 

1.6+ 

4,673 

6,738 

4.717 

6.688 

7.6+ 

4,616 

5,989 

4,694 

6,333 

9.6+ 

4,205 

4.860 

4,623 

5,702 

11.6+ 

3,336 

3.565 

4,224 

4,646 

13.6  + 

2,413 

2.503 

3,127 

3,230 

7 

1.6+ 

6.576 

7.686 

6,562 

7,527 

7.6+ 

6,255 

7.001 

6.411 

7,212 

9.6+ 

5,514 

5.947 

6,080 

6,561 

11.6+ 

4,155 

4.363 

5,136 

5,237 

13.6+ 

2,820 

2.820 

2.773 

2,773 

8 

1.6+ 

5,638 

7.040 

6,026 

7.352 

7.6+ 

5,467 

6.411 

5.886 

7.042 

9.6+ 

4,664 

5.214 

5.490 

6,269 

11.6+ 

3,802 

4,096 

4.714 

5,157 

13.6+ 

2,803 

2,928 

2.458 

2,458 

Control 

1.6+ 

8,192 

__ 

9.312 

__ 

7.6+ 

6,909 



6.955 

_- 

9.6+ 

4,867 



4,555 

-- 

11.6+ 

3.315 

-- 

2.335 

-- 

13.6+ 

1,908 

-- 

1.044 

-- 

--  =  not  appl icable. 

1/  Live  stand  +  thinnings  +  mortality. 
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Table  51 — Volumes  produced  in  trees  larger  than  1.6,  7.6,  9.6,  11.6,  and  13.6 
inches  d.b.h.,  at  end  of  4th  treatment  period,  for  the  demons  and  Francis 
studies 


CI 

emons 

Francis 

Total 

Total 

Treatment 

Size  class 

Live  stand 

production  1/ 

Live  sta 

nd   production  1/ 

Inches  d.b.h. 

-  -  -  Cubic  feet 

per  acre 

1 

1.6+ 

2,081 

3.700 

1,884 

3,585 

7.6+ 

2,081 

2,942 

1,884 

2.951 

9.6+ 

2,059 

2,442 

1,864 

2.606 

11.6+ 

1,724 

1,850 

1,804 

2.234 

13.6+ 

695 

744 

1,343 

1.484 

2 

1.6+ 

2,569 

4,015 

2,931 

4.273 

7.6+ 

2,569 

3,250 

2,931 

3,736 

9.6+ 

2,423 

2,694 

2,931 

3,356 

11.6+ 

2,209 

2,297 

2,906 

3,087 

13.6  + 

1,278 

1,278 

2,705 

2,845 

3 

1.6+ 

3,098 

4,236 

3,134 

4,601 

7.6  + 

3,044 

3,517 

3,134 

4,074 

9.6+ 

2,592 

2,754 

3,003 

3.547 

11.6+ 

1,994 

1,994 

2,564 

2.803 

13.6  + 

696 

696 

1,797 

1,797 

4 

1.6+ 

3,218 

4,296 

4,293 

5.421 

7.6+ 

3,034 

3,596 

4,282 

4.930 

9.6+ 

2,470 

2,771 

4,731 

4.582 

11.6+ 

1,741 

1,811 

3,608 

3.800 

13.6+ 

701 

701 

2,003 

2.061 

5 

1.6+ 

3,516 

4,387 

4,610 

5.757 

7.6+ 

3,147 

3,604 

4,557 

5.322 

9.6+ 

2,404 

2,590 

4,002 

4.451 

11.6+ 

1,307 

1,350 

3,057 

3.132 

13.6+ 

591 

591 

1.581 

1.581 

6 

1.6+ 

3,063 

4,483 

3,590 

5.358 

7.6+ 

2,943 

3,828 

3.573 

4,924 

9.6+ 

2,382 

2,658 

3.395 

4,106 

11.6+ 

1,452 

1,542 

2,732 

2,918 

13.6  + 

372 

372 

1,503 

1,555 

7 

1.6+ 

4,194 

4,716 

5,645 

6,386 

7.6+ 

3,640 

3,898 

5,459 

6,035 

9.6+ 

2,531 

2,581 

4,310 

4,575 

11.6+ 

969 

969 

2,662 

2,768 

13.6  + 

238 

238 

873 

873 

8 

1.6  + 

3,752 

4,517 

4,930 

5.867 

7.6+ 

3,194 

3,535 

4.657 

5.352 

9.6+ 

2,158 

2,290 

3,783 

4.120 

11.6+ 

910 

910 

1,889 

1.978 

13.6+ 

251 

251 

646 

646 

Control 

1.6+ 

5,941 

__ 

7,468 



7.6+ 

'  4,387 

__ 

5,265 

_- 

9.6+ 

2,713 



3,184 

-- 

11.6+ 

1,418 

— 

1,287 

-- 

13.6+ 

929 

— 

151 

-- 

--  =  not  applicable. 

1/  Live  stand  +  thinnings  +  mortality. 
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Appendix  2 

The  Nine  Cooperative 

Study  Areas 


Study  Area 

Skykomish 

Hoskins 
Rocky  Brook 


demons 


Francis 


Iron  Creek 


Stampede  Creek 


Sayward  Forest 


Shawnigan  Lake 


Cooperator 

Western  Forestry  Research  Dept. 
Weyerhaeuser  Company 
Tacoma,  Washington 

College  of  Forestry 
Oregon  State  University 
Corvallis,  Oregon 

USDA  Forest  Service 

Pacific  Northwest  Research  Station 

and  Pacific  Northwest  Region 
Portland,  Oregon 

Western  Forestry  Research  Dept. 
Weyerhaeuser  Company 
Tacoma,  Washington 

Washington  State  Department  of  Natural  Resources 
Olympia,  Washington 

USDA  Forest  Service 

Pacific  Northwest  Research  Station 

and  Pacific  Northwest  Region 
Portland,  Oregon 

USDA  Forest  Service 

Pacific  Northwest  Research  Station 

and  Pacific  Northwest  Region 
Portland,  Oregon 

Canadian  Forestry  Service 
Department  of  the  Environment 
Victoria,  British  Columbia 

Canadian  Forestry  Service 
Department  of  the  Environment 
Victoria,  British  Columbia 
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Age — Total  age  (years  from  seed). 

Age  b.h. — Age  at  breast  height  (years  since  attaining  breast  height). 

ANOVA — Analysis  of  variance. 

B.h. — Breast  height  (4.5  feet  above  ground). 

C — Symbol  representing  control  treatment. 

CT — Commercial  thinning. 

CVTS — Cubic  volume  of  bole  including  stump  and  tip. 

Dg— Quadratic  mean  diameter  at  breast  height. 

D.b.h. — Diameter  at  breast  height. 

d/D — Ratio  of  quadratic  mean  diameter  of  cut  trees  to  quadratic  mean  diameter  of  all 

trees  before  cutting. 

dD — Periodic  annual  increment  in  d.b.h. 

dG — Periodic  annual  increment  in  basal  area 

dH — Periodic  annual  increment  in  height. 

dV — Periodic  annual  increment  in  volume  (CVTS). 

G — Basal  area. 

g/G — Ratio  of  basal  area  of  cut  trees  to  basal  area  of  stand  before  cutting. 

H— Height. 

H40 — Mean  height  of  the  40  largest  (by  diameter)  trees  per  acre. 

Hi/Hm — Ratio  of  plot  value  of  H40  to  installation  mean  value  of  H40. 

In — Natural  logarithm  (logarithm  to  base  e). 

LOGS — Acronym  for  Levels-Of-Growing-Stock. 

MAI — Mean  annual  increment. 

n/N — Ratio  of  number  of  trees  cut  to  number  of  trees  before  cutting. 

PAI^Periodic  annual  increment. 

PCT — Precommercial  thinning. 

RD — A  measure  of  relative  density,  defined  as  G/DgVa. 

RDn — A  relative  density  value  of  n. 

R^ — Coefficient  of  determination;  equals  the  proportion  of  total  sum  of  squares 

accounted  for  by  regression. 

SEEy — Standard  error  of  estimate  of  the  variable  y. 

SI50 — Site  index  value  based  on  reference  age  50  years  b.h. 

In — Treatment  n. 

TPn— Treatment  period  n. 

V — Volume  (equals  CVTS  as  used  in  this  report). 
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Curtis,  Robert  O.;  Marshall,  David  D.  Levels-of-growing-stock  cooperative  study 
in  Douglas-fir;  Report  No.  8 — The  LOGS  study;  twenty-year  results.  Res.  Pap. 
PNW-356.  Portland,  OR;  U.S.  Department  of  Agriculture,  Forest  Service,  Pacific 
Northwest  Research  Station;  1986.  113  p. 

This  progress  report  reviews  the  history  and  status  of  the  cooperative  levels-of- 
growing-stock  study  in  coast  Douglas-fir,  begun  in  1961,  in  Oregon,  Washington, 
and  British  Columbia.  It  presents  new  analyses,  including  comparisons  among 
some  installations.  Data  now  available  are  phmarily  from  the  site  II  installations, 
which  are  approaching  completion  of  the  study.  Growth  is  strongly  related  to 
growing  stock.  Thinning  treatments  have  produced  marked  differences  in  volume 
distribution  by  tree  sizes.  During  the  fourth  treatment  period,  current  annual 
increment  was  still  about  double  the  mean  annual  increment,  and  differences  in 
volumes  and  size  distributions  among  treatments  have  been  increasing  rapidly. 
There  are  considerable  differences  in  productivity  among  installations,  beyond 
those  accounted  for  by  site  index  differences.  The  LOGS  study  design  is  evaluated. 


Keywords;  Thinnings,  (-stand  volume,  growing  stock,  (-increment/yield,  Douglas- 
fir,  Pseudotsuga  menziesii,  series — Douglas-fir  LOGS. 


The  Forest  Service  of  the  U.S.  Department  of 
Agriculture  is  dedicated  to  the  principle  of  multiple 
use  management  of  the  Nation's  forest  resources 
for  sustained  yields  of  wood,  water,  forage,  wildlife, 
and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest 
owners,  and  management  of  the  National  Forests 
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Werner,  Richard  A.  The  eastern  larch  beetle  in  Alaska.  Res.  Pap.  PNW-357. 
Portland,  OR:  US.  Department  of  .Agriculture.  Forest  Service,  Pacific  Northwest 
Research  Station:  1986.  13  p. 


The  eastern  larch  beetle  {Dendroctonus  simplex  LeConte)  exists  throughout  the 
range  of  tamarack  {Larix  laricina  (Du  Roi)  K.  Koch)  in  interior  Alaska  where  it  has 
a  1-year  life  cycle.  Beetles  overwinter  as  adults  in  the  bark  of  the  trunk  below 
snowline  in  infested  trees.  Tamarack  trees  that  are  slow  growing  because  of 
repeated  defoliation  by  larch  bud  moth  (Zeiraphera  sp.)  or  that  inhabit  cold  wet 
river  bottom  sites  underlain  with  permafrost  are  usually  susceptible  to  attack  by 
eastern  larch  beetles. 

Keywords:  Insects,  insect  populations,  eastern  larch  beetle,  tamarack,  interior 
Alaska. 


P'search  Summary 


The  eastern  larch  beetle  (Dendroctonus  simplex  LeConte)  has  a  1-year  life  cycle  in 
Alaska  and  attacks  only  tamarack  (Larix  laricina  (Du  Roi)  K.  Koch).  Tamarack 
stands  that  occupy  river  bottom  bog  areas  are  stressed  by  cold  wet  soils   These 
stands  are  vulnerable  to  cyclic  outbreaks  of  the  larch  bud  moth  (Zeiraphera  sp.) 
which  further  reduce  the  vigor  of  the  stands  by  defoliating  them  for  2  or  3  suc- 
cessive years.  These  tamarack  are  therefore  stressed  to  the  point  that  they  are 
highly  susceptible  to  attack  by  the  eastern  larch  beetle.  A  beetle  outbreak  in  in- 
terior Alaska  from  1977  to  1979  resulted  in  50-percent  tree  mortality. 
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Populations  of  the  eastern  larch  beetle  (Dendroctonus  simplex  LeConte)  infested  3.3 
million  ha  of  scattered  tamarack  (Larix  laricina  (Du  Roi)  K.  Koch)  stands  from  1974 
to  1980  in  interior  Alaska  (fig.  1)  (Baker  and  others  1974;  Hostetler  and  others  1976; 
Rush  and  others  1977;  USDA  Forest  Service  1979a,  1979b,  1980,  1981).  The  eastern 
larch  beetle  normally  attacks  tamarack  weakened  by  defoliating  insects,  or  trees 
damaged  by  fire,  logging,  or  right-of-way  clearing  (Drouin  and  Turnock  1967,  Furniss 
and  Carolin  1977,  Holsten  and  others  1980,  Swaine  1913).  The  biology  of  the  east- 
ern larch  beetle  (Hopkins  1909,  Simpson  1929)  and  larval  development  (Prebble 
1933)  were  previously  studied  in  New  Brunswick,  Canada. 

The  beetle  occurs  throughout  the  range  of  tamarack  from  Newfoundland  in  eastern 
Canada  to  the  northern  treeline;  south  into  New  England,  Ohio,  West  Virginia,  and 
Minnesota;  and  northwest  into  British  Columbia,  Yukon  Territory,  and  Alaska  (Wood 
1963,  1982).  In  Alaska,  tamarack  occurs  throughout  the  river  basins  between  the 
Brooks  Range  on  the  north  and  the  Alaska  Range  on  the  south  and  is  especially 
common  along  the  Yukon,  Kuskokwim,  and  Tanana  Rivers  (fig.  1)  (Viereck  and 
Little  1975). 
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Figure  1,— Range  of  tamarack  in  Alaska  and  areas  infested  by 
ttie  eastern  larch  beetle. 


High  populations  of  eastern  larch  beetle  occurred  in  the  Maritime  Provinces  o 
Nova  Scotia,  New  Brunswick,  and  Prince  Edward  Island  from  1976  to  1983  afl 
larch  sawfly  (Pristiphora  erichsonii  (Hartig))  and  spruce  budworm  {Choristoneui 
fumiferana  (Clemens))  outbreaks.  An  estimated  25  percent  of  the  merchantable 
tamarack  volume  in  New  Brunswick  and  60  percent  in  Nova  Scotia  were  kiliei 
the  eastern  larch  beetle  and  trees  as  small  as  6  cm  in  d.b.h.  (diameter  at  bre 
height)  were  successfully  attacked  (Magasi  1983,  1984).  In  Alaska,  the  infestal 
began  in  1974  with  52  000  ha  infested  west  of  Denali  National  Park.  By  1977, 
infestation  spread  into  the  Tanana  River  Valley  near  Fairbanks.  During  1975  ai 
1976,  a  species  of  bud  moth  {Zeiraphera  sp.)  completely  defoliated  240  000  he 
tamarack  in  the  Tanana  River  drainage  (Werner  1980).  Tamarack  in  this  same 
were  subsequently  infested  by  eastern  larch  beetle  in  1977.  Two  successive  y€ 
of  defoliation  could  have  reduced  the  vigor  of  the  trees  and  increased  their  si 
tibility  to  beetle  attack.  The  susceptibility  of  tamarack  to  attack  by  eastern  larc 
beetle  along  with  observations  on  the  biology  and  behavior  of  the  eastern  larc 
beetle  in  interior  Alaska  are  reported. 


Methods 

study  Sites 


The  study  was  conducted  in  two  areas  in  the  Tanana  River  Valley  heavily  def 
by  Zeiraphera  (fig.  1).  The  sites  were  the  ones  used  for  a  previous  study  (Wei 
1980).  In  May  1977,  20  sample  plots  were  established  at  an  elevation  of  122  r 
the  Bonanza  Creek  Experimental  Forest  40  km  west  of  Fairbanks  and  20  plot 
an  elevation  of  335  m  near  Quartz  Lake  134  km  east  of  Fairbanks  (fig.  1). 


The  study  sites  were  located  on  permafrost  but  within  the  zone  of  discontinue 
permafrost.  The  depth  of  thaw  during  the  growing  season  was  less  than  60  c 
both  sites.  From  1977  to  1979,  the  mean  temperature  of  the  upper  30  cm  of  tl 
soil  was  10  °C  from  mid-May  to  mid-August;  ambient  air  temperatures  ranged 
2  to  27  °C. 

The  study  plots  contained  open-grown  tamarack  mixed  with  black  spruce  (Pic 
mariana  (Mill.)  B.S.P.).  The  dominant  tamarack  ranged  from  about  6  to  9  m  in 
height  and  about  6.5  to  15.0  cm  in  d.b.h.  Intermediate  tamarack  and  black  sp 
trees  ranged  from  2  to  5  m  in  height  and  from  2.5  to  5.0  cm  in  d.b.h.  Ground 
consisted  of  Spliagnum  spp.,  40  percent;  f-lylocomium  splendens,  30  percent; 
Pleurozium  schreberi,  30  percent.  Shrub  cover  consisted  of  Vaccinium  uliginoi 
20  percent;  Betula  glandulosa,  50  percent;  Myrica  gale,  15  percent;  L.  laricina 
percent;  and  Picea  mariana,  5  percent  (Brown  1982). 


Experimental  Design 


At  each  site,  two  adjacent  transects  were  established  from  the  north  side  of  tl 
Tanana  River  Valley  southward  900  m  at  a  constant  elevation.  Ten  circular  pic 
radius  -  16  m — were  sampled  at  100-m  intervals  on  each  of  the  two  transect 
which  were  located  800  m  apart.  All  tamarack  trees  and  saplings  greater  thar 
2  cm  in  d.b.h.  were  numbered  with  aluminum  tags;  diameter  at  breast  height 
total  height  were  recorded.  Each  tamarack  in  the  plots  was  classified  by  larch 
beetle  activity  as  either  unattacked  live  or  beetle-killed.  Age  and  radial  growth 
determined  from  2-cm-thick  disks  cut  from  the  base  of  the  trees  2.5  cm  above 
ground  level  after  the  study  was  completed  in  May  1980. 


ta  Collection 


Annual  radial  growth  was  nneasured  fronn  1965  to  1980  on  the  cross  section  of  the 
disks.  Ring  widths  were  measured  by  use  of  an  increment  measuring  machine  to 
the  nearest  one-hundredth  of  a  millimeter.  Rings  were  counted  and  measured 
along  three  radii  spaced  at  equal  intervals  around  the  disk  surface.  Ring  widths 
and  numbers  were  averaged  for  the  three  radii  per  disk. 


suits  and 
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Four  unbaited  screened  sticky  barriers  (1450  cm^)  were  erected  on  five  randomly 
selected  plots  at  each  study  site  to  monitor  flight  periods  and  height  of  beetle 
flight.  Sticky  barriers  were  placed  on  each  of  four  poles  at  ground  level,  3  m,  6  m, 
and  9  n'l.  Poles  were  located  6  m  from  the  plot  center;  one  in  each  of  the  four 
cardinal  directions.  Adult  scolytids  and  clerids  were  removed  daily  from  the  traps 
during  the  flight  period. 

New  attacks  on  the  tree  bole  and  exposed  roots  were  marked  daily  on  one  side  of 
the  beetle  entrance  hole  with  staples.  In  late  July,  the  attacked  areas  (lower  2  m  of 
the  bole)  of  five  trees  per  randomly  selected  plot  per  transect  were  screened  to 
determine  the  percentage  of  emergence  and  the  emergence  times  of  new  adults 
prior  to  dispersal  to  overwintering  sites.  Adults  were  collected  twice  a  week. 

Beetle  emergence  periods  from  overwintering  sites  at  the  base  of  trees  infested  the 
previous  year  were  determined  by  catching  emerging  beetles  in  screened  cages 
attached  to  the  lower  0.5-m  section  of  the  tree  bole.  Traps  were  placed  on  the  tree 
in  late  September  after  beetle  activity  ceased.  Beetles  were  collected  daily  during  the 
emergence  and  flight  period. 

Adults:  Adults  of  both  sexes  are  stout  and  cylindrical;  average  female  length  was 
4.4  ±  0.31  mm  (range  3.2  to  5,3  mm),  n  =  290;  and  average  male  length  was  4.1 
±  0.29  mm  (range  3,3  to  5.2  mm),  n  =  316.  Newly  formed,  callow  adults  are 
similar  to  mature  adults  except  the  body  is  initially  tan,  eventually  changing  to  dark 
brown  with  reddish-brown  elytra.  The  change  in  color  from  callow  to  mature  adults 
occurs  in  3  to  4  weeks.  Detailed  taxonomic  cnaracteristics  are  described  by  Wood 
(1963,  1982). 

Egg:  Small  white  oval  to  oblong  eggs  are  0.87  ±  0.03  mm  long  and  0.54 
+  0.02  mm  wide. 


Larvae:  Prebble  (1933)  gives  a  detailed  report  of  the  widths  of  head  capsules  for 
the  four  larval  instars.  Mature  larvae  average  4.5  ±  0.23  mm  (range  4.2  to  4.6  mm) 
in  length  and  have  a  head  capsule  width  of  0.99  ±  0.04  mm  (range  0.92  to 
1.12  mm).  Body  color  is  white  to  whitish  yellow  (cream)  and  the  head  is  reddish 
brown. 

Pupae:  Pupae  are  white  to  yellowish  in  the  early  stages  of  development  but 
appear  grayish  before  transforming  to  adults.  Pupal  size  varies;  average  body 
length  is  4.5  ±  0.91  mm  (range  3.4  to  5.3  mm)  and  width  is  1.8  ±  0.56  mm  (range 
1.6  to  2.1  mm),  n   =  350. 


Life  History  and  The  seasonal  development  of  the  eastern  larch  beetle  is  shown  in  figure  2.  One 

Behavior  generation  a  year  is  produced  by  the  eastern  larch  beetle  in  Alaska.  Simpson 

(1929)  reports  that  as  many  as  three  broods  were  produced  in  New  Brunswick  in 
1927.  Prebble  (1933)  states  that  the  total  development  period  for  eastern  larch 
beetle  in  Manitoba  from  the  first  appearance  of  eggs  to  the  first  appearance  of 
adults  is  45  days,  whereas  in  Alaska  the  development  time  is  54  days. 

Winter  is  spent  in  the  phloem  of  roots  and  lower  trunk  of  infested  trees  at  the 
ground-tree  interface  beneath  the  snow.  Overwintering  adults  successfully  survive 
below  snow  line  at  ambient  air  temperatures  as  low  as  -52  °C,  which  often  occur  i 
interior  Alaska.  The  insulation  quality  of  the  snow  amounts  to  about  20°  above  the 
ambient  air  temperature  (Werner  1978). 

Adults  usually  emerge  after  mid-May  when  average  daily  ambient  air  temperatures 
are  above  15.0  °C  and  cumulative  degree-day  temperatures  above  5  °C  reach 
85  °C.  Peak  emergence  from  hibernation  sites  occurs  from  mid-May  to  late  May 
(table  1).  Emerged  females  fly  to  susceptible  green  tamarack  and  initiate  attacks. 
The  attacking  female  produces  a  sex  pheromone  that  attracts  male  beetles.  The 
sex  pheromone  produced  by  the  eastern  larch  beetle  female  has  not  been 
identified,  but  males  respond  to  a  mixture  of  seudenol  and  alpha  pinene  (Werner 
and  others  1981).  The  female  constructs  about  10  cm  of  egg  gallery  before  produc 
ing  a  sex  pheromone.  Mating  occurs  in  the  egg  gallery,  and  the  female  continues 
to  excavate  the  gallery.  Eggs  are  deposited  individually  in  niches  constructed  at  ir- 
regular intervals  on  the  sides  of  the  gallery.  Egg  galleries  consist  of  an  irregular 
winding  pattern  up  and  down  the  bole  of  the  tree.  Some  beetle  attacks  originate  al 
the  tree-ground  interface,  and  the  galleries  descend  into  the  phloem  of  the  roots. 

Larvae  hatch  in  4  to  6  days,  and  the  first  instars  feed  on  the  phloem  and  tunnel 
individual  mines  at  right  angles  to  the  egg  gallery.  The  mines  expand  slightly  as 
the  first  and  second  instars  feed  (Wood  1963)  and  then  increase  in  size  in  an  ir- 
regular winding  pattern  unlike  those  of  Dendroctonus  pseudotsugae  (Furniss  1976), 
D.  rufipennis  (Werner  and  others  1977),  or  Ips  species.  Larval  development  through 
four  instars  usually  takes  30  days.  Larval  transformation  to  pupae  begins  about 
early  July  and  continues  to  early  August.  Pupae  transform  to  callow  adults  within 
the  circular  to  oblong-shaped  pupal  chambers  starting  in  mid-July.  New  adults  be- 
gin emerging  from  the  host  tree  by  late  July  (table  1).  Whether  the  new  adults  feec 
prior  to  emergence  is  not  known.  Emergence  of  new  adults  lasts  until  late  August. 
New  adults  walk  down  the  outer  bark  of  the  parent  tree  to  the  ground-tree  interfaci 
and  bore  into  the  phloem  where  they  construct  hibernation  sites;  new  adults  that 
develop  in  the  roots  remain  there  until  the  next  May. 

Sex  Ratios  Sex  ratios  for  emerging  overwintering  adults,  attacking  adults,  and  emerging  new 

adults  were  determined  for  3  years  for  three  generations  (table  1).  The  sex  ratio  of 
all  three  groups  of  beetles  favored  females.  The  percentage  of  females  emerging 
from  overwintering  sites  in  1977  was  less  than  in  1978  and  1979.  There  was  no 
significant  difference  in  the  percentage  of  attacking  females  and  emerging  new 
females  during  the  3-year  period. 
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Figure  2— Seasonal  development  of  the  eastern  larch  beetle  and 
daily  temperatures  In  interior  Alaska. 


ble  1— Sex  ratios  of  emerging  and  attacking  eastern  larch  beetles  in  Alaska 
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Beetle  Flight 


The  maximum  distance  that  eastern  larch  beetles  usually  fly  is  not  known,  but  thi; 
study  did  determine  the  height  wherein  most  beetles  fly.  The  majority  of  beetles 
(122)  were  caught  on  the  sticky  flight  barriers  erected  at  ground  level,  and  94 
beetles  were  caught  at  3  m  (table  2).  The  barriers  at  ground  level  actually  extende 
15  cm  above  the  ground.  Peak  flight  period  occurred  between  May  21  and  28, 
but  flight  continued  to  late  June.  A  total  of  272  beetles  were  caught  on  the  16 
sticky  flight  barriers.  The  majority  of  beetles  were  caught  on  barriers  located  in  thi 
east  quadrant.  This  indicates  that  beetles  were  flying  into  the  wind  which  flows  in 
an  east  to  west  direction  during  the  daily  flight  periods.  Peak  flight  periods  occur- 
red when  cumulative  degree-day  temperatures  above  5  °C  ranged  from  120  to 
155  °C. 


Beetle  Attacks 


The  number  of  attacking  female  beetles  per  tree  differed  significantly  (P<0.05)  by 
diameter  class— lowest  in  the  small  diameter  trees  and  highest  in  the  large 
diameter  trees  (table  3).  There  was  no  significant  difference  (P>0.05)  by  diameter 
class  (range  0.5  ±  0.1  to  2.2  +  0.3)  in  the  number  of  root  attacks. 


The  average  length  of  egg  galleries  in  the  tree  bole  was  significantly  less  (P<0.0J 
in  the  0-  to  4.0-cm  diameter  classes;  however,  egg  gallery  lengths  in  the  4.1-  to 
14.1-cm  classes  were  not  significantly  different  (P>0.05)  (table  3).  Egg  galleries 
found  in  tamarack  roots  were  shortest  in  small  diameter  trees.  They  were,  howeve 
significantly  longer  (P<0.05)  than  egg  galleries  in  boles.  The  number  of  eggs  per 
gallery  increased  as  the  tree  diameter  increased.  There  was  no  relationship 
between  tree  diameter  and  percentage  of  eggs  that  hatched,  although  significant 
differences  occurred  between  diameter  classes  (P<0.05). 


Beetle  Survival 


Fourth  instar  and  pupal  survival  were  highest  in  tree  diameter  classes  greater  thar 
10.1  cm.  The  percentage  of  new  beetles  emerging  as  a  percentage  of  total  initial 
brood  was  highest  in  tree  diameter  classes  greater  than  4.1  cm  (table  3).  Beetle 
survival  is  probably  higher  during  endemic  population  levels  because  of  reduced 
competition  and  mortality  from  predation.  Losses  to  the  new  adults  usually  occur 
during  dispersion  after  emergence.  When  beetle  survival  is  low,  fewer  trees  are 
attacked;  but  as  beetle  survival  increases,  more  trees  are  infested  and  the  popula- 
tion expands  to  an  epidemic  level  causing  greater  tree  mortality. 


e  2— Eastern  larch  beetle  flight  in  relation  to  time,  temperature,  and 
ical  distribution  on  tree  bole 
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e  3— Eastern  larch  beetle  characteristics  in  tamarack  stands  near  Fairbanks,  Alaska 
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(ber  of  trees  sampled  was  40  per  diameter  class.   Values  dre   mean  *  standard  deviation.   Values  followed  by  the  same  letter  within  rows  are 
gnlficantly  different  from  each  other  at  the  5-percent  level. 


'cent  of  total  initial  brood, 
'cent  of  emerging  new  adults. 


Attack  Distribution 


The  average  attack  density  per  square  decimeter  of  bark  surface  differed 
significantly  (P<0.05)  between  different  heights  of  the  bole  within  and  between 
diameter  classes.  As  expected,  the  lower  diameter  trees  had  few  attacks  per 
square  decimeter  of  bark  surface.  The  lower  1.5  meters  of  the  tree  bole  contaim 
the  highest  density  of  attacks  (table  4).  The  density  of  attacks  in  the  lower  area 
the  bole  was  related  to  the  density  of  beetles  flying  at  low  levels  (table  2).  AttacI 
height  ranged  from  0.7  m  in  the  0-  to  2.0-cm  diameter  class  to  4.9  m  in  the 
14.1 +-cm  diameter  class.  Because  few  attacks  occurred  above  3  m  of  the  bole, 
attack  densities  were  not  determined  at  greater  bole  heights. 


Beetle  Impact 


The  distribution  of  tree  diameter  classes  within  the  two  study  sites  before  beetle 
attack  in  May  1977  is  shown  in  table  5  as  unattacked,  live  trees.  The  8.1-  to  10.0- 
diameter  class  contained  the  most  unattacked  live  trees  (278),  whereas  the 
14.1 +-cm  class  contained  the  fewest  (122). 


Overall  stand  reduction  in  trees  per  hectare  was  50  percent;  the  greatest  reducti 
(70-99  percent)  was  in  trees  in  the  three  largest  diameter  classes  (table  5). 
Tamarack  trees  killed  by  eastern  larch  beetle  in  1977  exhibited  reduced  radial 
growth  during  the  previous  3  years  compared  with  unattacked  live  trees.  The 
impact  of  repeated  defoliation  by  Zeiraphera  on  radial  growth  from  1975  to  1977  i 
evident  in  the  beetle-killed  trees  compared  with  the  unattacked  live  trees  (table  i 
The  effect  of  defoliation  on  the  radial  growth  of  tamarack  not  attacked  by  beetles 
was  less  than  on  trees  that  were  subsequently  killed  by  beetles  in  1977.  The 
beetle-killed  trees  were  apparently  stressed  when  defoliation  occurred  in  1975  ar 
1976;  their  radial  growth  in  1974  was  significantly  less  (P<0.05)  compared  with  t 
growth  of  unattacked  live  trees  (table  6). 


Table  4— Attack  distribution  of  eastern  larch  beetle  in  tamarack  stands  near   Fairbanks,  Alaska 
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]_/   Values  followed  by  the  same  letter  within  columns  are  not  significantly  different  at  the  5percent  level. 


5— Impact  of  eastern  larch  beetle  on  tamarack  trees  near  Fairbanks,  Alaska 
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plots  at  2  similar  sites. 


6— Radial  growth  of  unattacked  and  beetle-killed  tamarack  trees  near 
anks,  Alaska 
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16 

Radial  growth  of  large  diameter  tamarack  was  significantly  (P<0.05)  slower  thaw 
that  of  smaller  diameter  trees.  This  could  be  related  to  the  development  of  the  i 
systems  (Brown  1982).  The  root  systems  of  large  diameter  trees  descend  into  th 
seasonally  thawed  permafrost  area  where  nutrient  availability  is  limited,  whereas 
small  diameter  trees  have  shallow  root  systems  located  primarily  in  the  sphagni 
moss  layer  covering  the  frozen  mineral  soil.  The  mineral  soils  that  do  thaw  durir 
the  summer  are  usually  saturated  with  water  which  lies  on  top  of  the  permafrosi 
Trees  whose  roots  extend  into  these  wet  soils  are  stressed  by  too  much  water.  C 
wet  soils  in  the  root  zone  of  tamarack  are  probably  the  major  environmental  facli 
that  contributes  to  the  stressed  condition  of  tamarack  growing  in  bog  areas  of 
interior  Alaska.  The  fact  that  tamarack  trees  were  successively  defoliated  2  year; 
prior  to  attack  by  eastern  larch  beetles  indicates  susceptibility  of  this  tree  specie 
to  beetle  attack. 


Acknowledgments 


I  thank  Joyce  Beelman,  Laurie  Bordelon,  Tom  Egan,  and  Tom  Ward  for  assistanc 
in  collecting  field  data  and  Karen  Post  for  the  statistical  analyses. 


Metric  and  English 
Units  of  Measure 


When  you  know: 

Centimeters  (cm) 
Hectares  (ha) 
Kilometers  (km) 
Meters  (m) 
Millimeters  (mm) 
Celsius  (°C) 


Multiply^y: 

0.4 

2.5 

0.6 

3.3 

0.04 

1.8  (then  add  32) 


To  find: 

Inches 

Acres 

Miles 

Feet 

Inches 

Fahrenheit 


10 


ature  Cited  Baker,  B.H.;  Hostetler,  B.B.;  Laurent,  T.H.  Forest  insect  and  disease  conditions  in 

Alaska,  1974.  Juneau,  AK;  U.S.  Departnnent  of  Agriculture,  Forest  Service,  Alaska 
Region;  1974.  13  p. 

Brown,  Kevin.  Growth  and  reproductive  ecology  of  Larix  laricina  in  interior  Alaska. 
Corvallis,  OR;  Oregon  State  University;  1982.  154  p.  M.S.  thesis. 

Drouin,  J.A.;  Turnock,  W.J.  Occurrence  of  the  eastern  larch  beetle  in  Manitoba 
and  Saskatchewan.  The  Manitoba  Entomologist.  1:  18-20;  1967. 

Furniss,  R.L.;  Carotin,  V.M.  Western  forest  insects.  Misc.  Publ.  1339.  Washington, 
DC:  U.S.  Department  of  Agriculture,  Forest  Service;  1977.  654  p. 

Furniss,  M.M.  Controlled  breeding,  comparative  anatomy  and  bionomics  of  Den- 
droctonus  simplex  LeConte  and  Dendroctonus  pseudotsugae  Hopkins  (Coleoptera: 
Scolytidae).  IN:  Barr,  W.F.,  ed.  Moscow,  ID:  University  of  Idaho  Department  of 
Entomology.  1976:  109-120. 

Holsten,  Edward  H.;  Werner,  Richard  A.;  Laurent,  Thomas  H.  Insects  and 
diseases  of  Alaskan  forests.  Rep.  75.  Juneau,  AK:  U.S.  Department  of  Agriculture, 
Forest  Service,  Alaska  Region;  1980.  187  p. 

Hopkins,  A.D.  Practical  information  on  the  Scolytidae  beetles  of  North  American 
forests.  I.  Bark  beetles  of  the  genus  Dendroctonus.  Bur.  Entomol.  Bull.  83. 
Washington,  DC:  U.S.  Department  of  Agriculture;  1909.  169  p. 

Hostetler,  Bruce  B.;  Rush,  Peter  A.;  Laurent,  Thomas  H.  Forest  insect  and 
disease  conditions  in  Alaska  1975.  Juneau,  AK:  U.S.  Department  of  Agriculture, 
Forest  Service,  Alaska  Region;  1976.  11  p. 

Magasi,  L.P.  Important  forest  pests  of  larch  in  the  Maritimes.  Tech.  Note  98. 
Fredericton,  NB:  Environment  Canada,  Canadian  Forestry  Service,  Maritimes 
Forest  Research  Centre;  1983.  2  p. 

Magasi,  L.P.  Forest  pest  conditions  in  the  Maritimes  in  1983.  Inf.  Rep.  M-X-149. 
Fredericton,  NB:  Environment  Canada,  Canadian  Forestry  Service,  Maritimes 
Forest  Research  Centre;  1984.  8  p. 


11 


Prebble,  M.L.  The  larval  development  of  three  bark  beetles.  The  Canadian 
Entomologist.  35;  145-150;  1933. 

Rush,  Peter  A.;  Laurent,  Thomas  H.;  Yarger,  Larry  C;  Lawrence,  Robert  K. 

Forest  insect  and  disease  conditions  in  Alaska  1976.  Juneau,  AK:  U.S.  Depart- 
ment of  Agriculture,  Forest  Service,  Alaska  Region;  1977.  7  p. 

Simpson,  L.J.  The  biology  of  Canadian  bark-beetles.  The  Canadian  Entomologi 
31:  274-279;  1929. 

Swaine,  J.M.  The  economic  importance  of  Canadian  Ipidae.  Entomological  Soci 
of  British  Columbia  Proceedings.  13:  41-43;  1913. 

U.S.  Department  of  Agriculture,  Forest  Service.  Forest  insect  and  disease  con 
tions  in  Alaska.  Ser  R10-31.  Anchorage,  AK:  U.S.  Department  of  Agriculture, 
Forest  Service,  Alaska  Region;  1979a.  11  p. 

U.S.  Department  of  Agriculture,  Forest  Service.  Forest  insect  and  disease  con 
tions  in  Alaska  in  1978.  Rep.  62.  Anchorage,  AK:  U.S.  Department  of  Agricultur 
Forest  Service,  Alaska  Region;  1979b.  35  p. 

U.S.  Department  of  Agriculture,  Forest  Service.  Forest  insect  and  disease  con 
tions  in  Alaska  in  1979.  Rep.  115.  Anchorage,  AK:  U.S.  Department  of  Agricuitu 
Forest  Service,  Alaska  Region;  1980.  17  p. 

U.S.  Department  of  Agriculture,  Forest  Service.  Forest  insect  and  disease  con 
tions  in  Alaska  in  1980.  Rep.  146.  Anchorage,  AK:  U.S.  Department  of  Agriculti 
Forest  Service,  Alaska  Region;  1981.  17  p. 

Viereck,  L.A.;  Little,  E.L.,  Jr.  Atlas  of  United  States  trees.  Vol.  2.  Alaska  trees  < 
common  shrubs.  Misc.  Publ.  1293.  Washington,  DC:  U.S.  Department  of 
Agriculture,  Forest  Service;  1975.  85  p. 


12 


Werner,  R.A.;  Baker,  B.H.;  Rush,  P.A.  The  spruce  beetle  in  white  spruce  forests 
of  Alaska.  Gen,  Tech.  Rep.  PNW-61.  Portland,  OR:  U.  S.  Departnnent  of 
Agriculture,  Forest  Service,  Pacific  Northwest  Forest  and  Range  Experiment  Sta- 
tion; 1977.  13  p. 

Werner,  Richard  A.  Overwinter  survival  of  spear-nnarked  black  moth,  Rheumaptera 
hastata  (Lepidoptera;  Geometridae),  pupae  in  interior  Alaska.  The  Canadian  En- 
tomologist. 110:  877-882;  1978. 

Werner,  Richard  A.  Biology  and  behavior  of  a  larch  bud  moth,  Zeiraphera  sp.,  in 
Alaska.  Res.  Note  PNW-356.  Portland,  OR-  U.S.  Department  of  Agriculture,  Forest 
Service,  Pacific  Northwest  Forest  and  Range  Experiment  Station;  1980.  8  p. 

Werner,  Richard  A.;  Furniss,  Malcom  M.;  Yarger,  Larry  C;  Ward,  Tom.  Effects 
on  eastern  larch  beetle  of  its  natural  attractant  and  synthetic  pheromones  in 
Alaska.  Res.  Note  PNW-371.  Portland,  OR:  U.S.  Department  of  Agriculture.  Forest 
Service,  Pacific  Northwest  Forest  and  Range  Experiment  Station;  1981.  7  p. 

Wood,  Stephen  L.  A  revision  of  the  bark  beetle  genus  Dendroctonus  Enckson 
(Coleoptera:  Scolytidae).  Great  Basin  Naturalist.  23:  117  p;  1963. 

Wood,  S.L.  The  bark  and  ambrosia  beetles  of  North  America  (Coleoptera: 
Scolytidae),  a  taxonomic  monograph.  Great  Basin  Nat.  Mem.  6.  Provo,  UT: 
Brigham  Young  University;  1982.  1,359  p. 


13 


The  Forest  Service  of  the  U.S.  Department  of 
Agriculture  is  dedicated  to  the  principle  of  multiple 
use  management  of  the  Nation's  forest  resources 
for  sustained  yields  of  wood,  water,  forage,  wildlife, 
and  recreation.  Through  forestry  research, 
cooperation  with  the  States  and  private  forest 
owners,  and  management  of  the  National  Forests 
and  National  Grasslands,  it  strives  —  as  directed  by 
Congress  —  to  provide  increasingly  greater  service 
to  a  growing  Nation. 

The  U.S.  Department  of  Agriculture  is  an  Equal 
Opportunity  Employer.  Applicants  for  alt  Department 
programs  will  be  given  equal  consideration  without 
regard  to  age,  race,  color,  sex,  religion,  or  national 
origin. 

Pacific  Northwest  Research  Station 
319  S.W.  Pine  St. 
P.O.  Box  3890 
Portland,  Oregon  97208 


Werner,  Richard  A.  The  eastern  larch  beetle  in  Alaska.  Res   Pap   PNW-357. 
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The  eastern  larch  beetle  (Dendroctonus  simplex  LeConte)  exists  throughout 
the  range  of  tamarack  {Larix  laricina  (Du  Roi)  K.  Koch)  in  interior  Alaska 
where  it  has  a  1-year  life  cycle.  Beetles  overwinter  as  adults  in  the  bark  of  the 
trunk  or  below  snowline  in  infested  trees.  Tamarack  trees  that  are  slow  grow- 
ing because  of  repeated  defoliation  by  larch  bud  moth  {Zeiraphera  sp.)  or  that 
inhabit  cold  wet  river  bottom  sites  underlain  with  permafrost  are  usually 
susceptible  to  attack  by  eastern  larch  beetles. 

Keywords:  Insects,  insect  populations,  eastern  larch  beetle,  tamarack,  interior 
Alaska 
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Abstract  Harrington,  Constance  A.;  Curtis,  Robert  O.  Height  growth  and  site  index  curves  for 

red  alder.  Res.  Pap.  PNW-358.  Portland,  OR:  U.S.  Department  of  Agriculture,  Forest 
Service,  Pacific  Northwest  Research  Station,  1985.  14  p. 

New  height  growth  and  site  index  curves  for  red  alder  {AInus  rubra  Bong.)  were 
developed  from  stem  analysis  data.  The  analyses  use  a  reference  (site  index)  age  of  20 
years  and  are  applicable  to  natural  stands  between  5  and  50  years  of  age  in  western 
Washington  and  northwestern  Oregon.  The  new  curves  are  polymorphic  and  provide  a 
better  fit  to  observed  patterns  of  height  growth  than  the  previously  available  curves. 
Although  differences  from  previously  available  curves  are  not  large,  the  new  curves 
should  be  an  improvement,  particularly  for  use  in  short-rotation  management.  Recom- 
mendations associated  with  the  new  curves  for  converting  breast  height  age  to  total  age 
vary  with  site  quality.  Relationships  between  red  alder  height  growth  or  site  index  and 
selected  site  characteristics  are  briefly  discussed. 

Keywords:  Increment  (height),  site  index,  site  class,  red  alder,  AInus  rubra. 

Summary  New  height  growth  and  site  index  estimation  curves  were  developed  for  red  alder  (AInus 

rubra  Bong.)  using  stem  analysis  data  from  two  sources:  (1)  new  data  from  23  natural 
stands  in  western  Oregon  and  Washington  and  (2)  previously  published  stem  analysis 
data  from  western  Washington.  The  new  curves  are  polymorphic  and  use  an  index  age 
of  20  years  total  age.  The  new  height  growth  curves  are  recommended  over  previous 
curves  because: 

1 .  They  are  based  on  a  much  larger  sample  of  trees  covering  a  greater  geographic 
range  and  a  somewhat  greater  range  in  site  index. 

2.  The  reference  age  of  20  years  is  more  appropriate  to  future  short  rotation  manage- 
ment of  the  species  than  the  50  years  formerly  used. 

3.  The  more  flexible  growth  function  used  in  the  new  curves  provides  a  better  expression 
of  observed  height  growth  trends. 

The  new  red  alder  site  index  estimation  curves,  rather  than  the  height  growth  curves, 
are  recommended  for  use  in  estimating  site  index  (Sso)-  Differences  in  estimates 
obtained  from  the  two  types  of  curves  between  ages  1 5  and  40  are  of  theoretical  rather 
than  practical  importance;  however,  somewhat  more  accurate  estimates  of  S20  can  be 
made  using  the  site  index  estimation  curves,  particularly  for  stands  that  are  outside 
these  limits. 

We  found  the  difference  between  total  age  and  breast  height  age  to  vary  somewhat  with 
site  quality  and  recommend  only  a  1-year  adjustment  for  average  sites. 

Selected  site  characteristics  were  examined  for  possible  effects  on  patterns  of  height 
growth  or  site  index.  We  concluded  that: 

1 .  The  data  suggest  a  possible,  but  statistically  nonsignificant,  relationship  of  soil 
drainage  class  with  shape  of  height  growth  curves.  Other  site  characteristics  had  no 
apparent  effect.  A  considerably  larger  sample  would  be  needed  to  reach  any  conclu- 
sions. 

2.  There  is  no  close  relationship  between  red  alder  site  index  and  Douglas-fir  (Pseudo^ 
tsuga  menziesii  (Mirb.)  Franco)  site  class,  for  the  areas  studied.  This  is  probably 
primarily  a  result  of  differences  in  species  site  requirements. 
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Red  alder  (AInus  rubra  Bong.)  is  the  most  common  hardwood  species  in  the  Pacific 
Northwest.  The  species  makes  rapid  juvenile  growth,  has  the  ability  to  fix  atmospheric 
nitrogen,  and  appears  adaptable  to  some  sites  not  well  suited  to  conifers.  These 
characteristics  have  aroused  interest  in  alder  as  a  short-rotation  (15-25  years  or  less) 
crop,  both  in  pure  stands  and  in  rotation  or  in  mixture  with  conifers. 

The  rapid  juvenile  height  growth  of  the  species  makes  it  a  prime  prospect  for  short- 
rotation  biomass  production  and  a  severe  competitor  with  associated  species.  There  is, 
therefore,  interest  in  its  pattern  of  juvenile  height  growth.  The  published  site  curves  for 
the  species  (Bishop  and  others  1958,  Worthington  and  others  1960)  use  an  index  age 
of  50  years ,  and  the  tables  and  graphs  presented  do  not  extend  below  1 0  years  of  age. 

This  report  presents  new  height  growth  and  site  index  curves  for  red  alder.  These  are 
based  on  a  combination  of  new  stem  analysis  data  from  trees  in  western  Washington 
and  northwestern  Oregon  and  of  the  western  Washington  data  used  to  construct  the 
earlier  curves.  Index  age  used  is  20  years  total  age. 

Twenty-three  natural  red  alder  stands  in  western  Washington  and  northwestern  Oregon 
were  selected  to  provide  a  range  in  geographic  location,  site  quality,  and  soil  conditions. 
The  information  collected  on  each  stand  included:  (1)  elevation,  (2)  slope,  (3)  aspect, 
(4)  soil  drainage  class,  and  (5)  estimated  Douglas-fir  (Pseudotsuga  menziesii  (Mirb.) 
Franco)  site  class  (King  1966).  Where  possible,  Douglas-fir  site  class  was  determined 
by  measuring  heights  and  ages  of  5  to  10  dominant  and  codominant  Douglas-fir  in  an 
adjacent  stand  growing  on  the  same  soil  series.  When  suitable  Douglas-fir  trees  were 
not  available,  site  class  was  estimated  from  information  available  for  that  series- 
(Anderson  and  others  1 956,  Ness  and  others  1 960,  Steinbrenner  and  Gehrke  1 964,  and 
other  available  soil-site  information).  The  range  of  site  characteristics  is  shown  in  table  1 . 

In  each  stand,  four  to  six  dominant  or  codominant  trees  were  selected  that  appeared 
free  from  evidence  of  past  damage.  These  were  felled  and  sectioned  at  0.5-m 
intervals  of  height.  The  sections  were  labeled  in  the  field  with  tree  number  and  section 
height  and  then  transported  to  the  laboratory  for  immediate  processing.  Age  of  each 
section  was  determined  by  counting  annual  rings.  When  necessary,  sections  were 
sanded  or  recut  to  expose  a  fresh  surface. 

For  each  tree,  heights  were  plotted  over  ages,  and  trees  with  irregular  growth  patterns 
suggesting  past  damage  or  suppression  were  rejected.  For  the  remaining  1 1 7  trees,  the 
years  required  to  reach  breast  height  (1 .3  m)  and  the  heights  attained  at  ages  2,  4,  8, 
12,  16,  20,  24,  .  .  .  were  read  from  the  graphs  and  used  in  subsequent  analyses. 

A  supplemental  set  of  red  alder  stem  analysis  data,  used  to  construct  the  earlier  red 
alder  curves,  is  given  in  table  5  of  Johnson  and  Worthington  (1963).  The  data  are  fror 
western  Washington.  No  ether  information  is  available  on  site  characteristics.  We 
plotted  heights  over  ages  for  each  tree.  Values  of  heights  corresponding  to  ages  4,  8 
16,  24,  32,  40,  48,  and  56  were  read  from  these  graphs  and  used  in  portions  of  later 
analyses.  The  total  number  of  trees  represented  at  each  age,  by  data  sets,  is  given  i 
table  2. 


^'  Unpublished  Information  on  potential  productivity  by  soil  type 
furnished  by  Private  Land  Grading  Program,  Washington  Depart- 
ment of  Natural  Resources.  Olympia.  WA  1982. 


Table  1— Range  of  site  characteristics  in  red  alder 
stands  sampled  for  height  growth 


Characteristic 


Range 


Latitude 

Elevation 

Slope 

Aspect 

Soil  drainage 

Douglas-fir  site  class 


45°-49°  N. 

0-750  meters 

0-30  percent 

0°-360"  azimuth 

poorly  drained  to  well  drained^ 

l-VI^ 


^  Coded  for  purposes  of  analysis  as: 

1  =  SCS  class  very  poorly  drained, 

2  =  SCS  classes  poorly  drained  and  somewfiat  poorly  drained,  and 

3  =  SCS  classes  moderafely  well-drained  and  well-drained. 
SCS  classes  are  from  USDA  Soil  Conservation  Service  1975. 
-''  Site  classes  l-V  as  in  King  (1966);  sites  judged  unsuitable  for 
Douglas-fir  were  designated  VI. 


Table  2— Number  of  red  alder  trees  available  for  data  analysis,  by 
age  and  source  of  data 


Number  of  trees 


Age 


New  data 


Old  data^ 


Total 


2 
4 
8 
16 
20 
24 
32 
40 
48 
56 


117 

117 

117 

117 

117 

87 

51 

11 

3 

0 


39 
39 
39 
39 
39 
39 
39 
28 
20 


117 

156 

156 

156 

156 

126 

90 

50 

31 

20 


—  =  no  data. 

-^  From  Jofinson  and  Wortfiington  (1963). 


Analysis 


Height  attained  at  age  20  (S20)  was  selected  as  the  reference  age  for  indexing  curves 
because  it  seemed  a  reasonable  index  age  for  use  with  the  short  rotations  anticipated 
for  the  species,  and  because  all  locations  had  a  nnean  age  of  at  least  20  years. 
Distribution  of  the  data  by  mean  values  of  S20  for  each  location  is  shown  in  figure  1 . 
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Figure  1— Distribution  of  data  (location  means)  by  age,  Szo,  and  data  set. 
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Preliminary  height  growth  curves  were  prepared  using  Heger's  (1 968)  method  for  (1 )  the 
new  data,  (2)  the  old  data,  and  (3)  both  data  sets  combined.  For  each  age,  sample  trees 
were  pooled  and  regressions  of  the  form  H  =  a  -f  b  S20  were  fit.  The  simple  linear 
regression  appeared  to  adequately  describe  the  relationship  between  H  and  820-  Next, 
the  values  10,  15,  20,  and  25  meters  were  substituted  for  S20  for  the  successive  ages, 
and  the  resulting  height  estimates  were  plotted  over  age.  These  points  were  then 
connected  with  freehand  curves  to  give  a  first  estimate  of  the  desired  system  of  height 
growth  curves.  These  curves — referred  to  below  as  the  Heger  or  graphic  curves — were 
used  for  initial  comparisons  among  data  sets  and  as  guides  in  selection  of  algebraic  form 
of  height  growth  curves. 


Height  Growth 
Regressions:  New  Data 


Initial  trials  with  the  preliminary  curves  indicated  that  a  suitable  equation  would  be 
(Prodan  1968,  p.  370): 


H 


a(1.0  -  e^''9e)c_ 


(11 


in  which  "e"  is  the  base  of  natural  logarithms  and  "a,"  "b,"  and  "c"  are  parameters  to  bef 
estimated.  Trials  also  indicated  that  at  least  two  of  the  three  constants  were  functions  of 
Sjo-  Exploration  led  to  the  curve  form, 


H  =  (a  +  bS2o)(1-0  -e<=^^^2°"^9e))f 

By  definition,  curves  must  pass  through  index  height  at  index  age;  that  is,  when 
age  =  20,  H  =  S2o-  Therefore, 


(22 


•'20 


(a  +  bS2o)(l.O  -e<'=^''^^°"^°°V 


(3)! 


Subtracting  equation  3  from  equation  2  and  adding  S20  to  both  sides  of  the  equation 
gives: 

H  =  S20  +  (a  +  bS2o)(1.0  -  e<^''^^2°'*'^9^')' 


(4) 


(a  +  bS2o)(1.0  -  e 


(c  +  dS2o)(20.0)^f 


This  was  fitted  to  values  of  individual  tree  heights  at  ages  2,  4,  8,  12,  16,  ...  ,  for  the 
new  data  only.  Standard  error  of  estimate  was  0.9496.  These  curves  were  used  in  the 
comparisons  given  below,  which  involve  information  not  available  in  the  old  data. 


Comparisons  of  Curve 
Shape  With  Tree  and 
Stand  Variables 


An  effort  was  made  to  determine  whether  deviations  from  average  curve  shape  were 
associated  with  measured  tree  and  site  variables,  which  were  available  for  the  new  data 
only.  Because  curves  were  forced  through  the  points  (0,0)  and  (S2o,20),  any  deviations 
from  the  average  curve  shape  should  be  most  evident  midway  between  these  points.  A 
relative  difference  (Hobs-  Hest)/Hest  was  calculated  for  each  tree  at  age  1 2,  and  used  as 
the  measure  of  deviations  from  average  curve  shape. 

Crown  classes. — The  deviations  from  average  curve  shape  gave  no  indication  of 
differences  between  trees  classed  as  dominants  and  those  classed  as  codominants. 
(This  does  not  imply  that  there  were  no  differences  in  growth  between  crown  classes, 
but  rather  that  the  relative  shape  of  the  curves  did  not  differ  by  crown  class.)  Therefore, 
the  few  codominant  trees  in  the  sample  were  combined  with  the  dominants,  and  plot 
means  of  these  relative  deviations  were  used  in  the  remaining  comparisons. 

Site  characteristics. — Plot  mean  relative  deviations  were  plotted  against  elevation, 
aspect,  slope,  and  drainage  class.  The  only  suggestion  of  a  relationship  was  with 
drainage  class,  where  mean  deviations  for  drainage  class  2  were  larger  than  those  for 
classes  1  and  3.  A  considerably  larger  number  of  observations  would  be  needed, 
however,  to  provide  an  adequate  test  of  the  possible  effects  of  various  site  characteris- 
tics, and  no  definite  conclusions  can  be  drawn. 


Comparison  of  Red  Alder 
$20  Among  Douglas-Fir 
Site  Classes 


Mean  values  of  S20  were  calculated  for  each  location,  and  these  were  grouped  by 
Douglas-fir  site  index  classes  l-VI.  Analysis  of  variance  indicated  no  significant  differ- 
ence (p  =  0.10)  for  differences  in  mean  red  alder  S20  among  Douglas-fir  site  index 
classes.  Sites  classified  as  excellent  for  Douglas-fir  (I  and  II)  consistently  had  above 
average  S20  values  for  alder;  however,  some  of  the  highest  red  alder  S20  values  were 
on  sites  classified  as  unsuitable  for  Douglas-fir. 


Adjustment  of  Breast 
Height  Age 


Bishop  and  others  (1958)  recommend  adding  2  years  to  breast  height  age  to  estimate 
total  age.  The  new  data,  however,  suggest  that  only  a  1-year  adjustment  is  necessary 
for  average  sites  (S20  of  15  or  20  m).  No  adjustment  to  breast  height  age  is  necessary 
when  S20  is  25  m  or  higher,  while  a  2-  or  3-year  adjustment  is  needed  for  the  poorest 
sites  (S20  less  than  15  m). 


Height  Growth 
Regressions: 
Combined  Data 


Although  our  primary  interest  was  in  young  stands,  it  seemed  clearly  desirable  that  the 
final  curves  should  represent  as  wide  an  age  range  as  feasible.  The  graphic  (Heger) 
curves  for  the  new  and  old  data  sets  were  compared.  Small  differences  were  observed 
at  young  ages  (under  age  5),  which  may  be  attributable  to  minor  differences  in  the 
procedures  used  to  determine  total  age.  Larger  differences  between  the  curves  were 
present  beyond  about  age  32.  Past  age  32,  the  Heger  curves  for  the  new  data  are 
primarily  extrapolations  beyond  the  available  data;  thus,  differences  between  the  curves 
probably  do  not  represent  actual  differences  in  height  growth.  We  chose  to  use  the 
combined  data  sets  in  preparing  the  final  curves. 


Data  used  for  the  final  curves  were  the  902  heights  corresponding  to  ages  2,  4,  8,  16, 
24,  32,  40,  48,  and  56.  Those  for  age  2  were  from  the  new  data  only  because  there  were 
some  irregularities  and  interpolation  difficulties  at  this  age  in  the  old  data.  The  combined 
data  were  used  for  all  other  ages.  Values  for  ages  1 2,  28,  36, 44,  and  52  in  the  new  data 
were  omitted  to  keep  the  number  of  observations  within  the  limits  of  the  nonlinear  fitting 
program  used  and  to  provide  consistency  between  data  sets. 

A  regression  of  the  form  of  equation  4  was  fitted  to  these  data  and  gave  the  following 
coefficient  estimates  (metric  units) :^ 


a  = 

18.1622, 

b  = 

0.7953, 

c  = 

0.001940, 

d  = 

-0.002441, 

f  = 

0.9198,  and 

(5) 


standard  error  of  estimate-^  =  1.1963. 


Height  growth  curves  corresponding  to  this  equation  are  shown  in  figures  2  (metric)  and 
3  (English  units). 


^  Coefficients  for  English  units  are: 

a  =  59.5864, 

b  =    0.7953, 

c  =    0.001940, 

d  =   -0.0007403,  and 

f    =     0.9198 


^  Calculated  standard  errors  of  estimate  are  not  very  meaningful 
because  observations  were  not  independent  (which  probably  results 
in  underestimates)  and  because  variances  were  not  homogeneous 
(see  appendix). 


Total  age  (years) 

Figure  2— Height  growth  curves  corresponding  to  equation  5, 
combined  data,  in  metric  units. 
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Figure  3.— Solid  curves  represent  height  growth  curves  correspond- 
ing to  equation  5,  combined  data,  in  English  units.  Dotted  curves  are 
those  of  Bishop  and  others  (1958)  plotted  from  the  equation  given 
in  Johnson  and  Worthmgton  (1963). 


Site  Index 
Estimation  Curves 


Regressions  of  the  form  S20  =  a  +  bH  were  fitted  to  the  combined  data  for  each  age 
and  were  used  to  construct  preliminary  site  index  estimation  curves.  These  preliminary 
curves  were  used  as  guides  to  selection  of  equation  forms  expressing  "a"  and  "b"  as 
functions  of  age,  conditioned  to  meet  the  logical  requirement  that  S20  =  H  when  age  =  20. 
This  led  to  a  regression,  fitted  to  the  combined  data,  of  the  form: 

(S20  -  H)  =  fi(age)  +  f2(age)H; 

with  standard  error  of  estimate  of  1 .90. 

This  can  be  written  as  :^ 

with: 


Son  =  a  +  bH; 


and: 


a  =  16.5158   -  1.40726(age)  +  0.033727(age)^  -  0.00023267(age)^; 
b  -  1.25934  -  0.012989(age)  +  3.5220(yage)^ 


Corresponding  graphs  for  estimation  of  site  index  are  given  in  figures  4  (metnc)  and 
5  (English  units). 
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Figure  4.— Site  index  estimation  curves  corresponding  to  equation  6, 
combined  data,  in  metric  units. 


^  The  corresponding  expressions  in  English  units  are: 

a  =  54.1850  -  4.61694  (Age)  4   0  11065  (Age)^       0  0007633  {Age)^   and 

b  =  1.25934  -  0.012989  (Age)   f  3.5220  ('Ago)^. 
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Figure  5.— Site  index  estimation  curves  corresponding  to  equation  6, 
combined  data,  in  English  units. 


Discussion 

Red  Alder  Site  Index  and 
Douglas-Fir  Site  Class 


Differences  in  red  alder  S20  among  Douglas-fir  site  classes  were  not  significant.  This 
result  can  be  attributed  to  some  combination  of  error  in  classification  of  Douglas-fir  sites 
and  differences  in  species  characteristics  and  site  requirements.  For  example,  some 
sites  may  have  been  misclassified  as  to  their  Douglas-fir  site  classification  because  of 
the  variation  in  site  quality  that  occurs  within  soil  mapping  units,  and  because  of  the 
uncertain  comparability  of  adjacent  areas  on  which  Douglas-fir  trees  were  available  for 
measurement. 


Basic  differences  in  species'  site  requirements  are  probably  also  a  major  factor. 
Compared  to  Douglas-fir,  red  alder  is  more  tolerant  of  occasional  flooding,  poor  soil 
drainage,  and  low  soil  nitrogen  (Minore  1 979).  Some  of  the  best  red  alder  sites  were  on 
flood  plains  of  major  rivers.  Red  alder  can  also  tolerate  boggy  or  marshy  situations  that 
would  be  considered  unsuitable  for  Douglas-fir.  And  Douglas-fir  site  quality  is  partially 
dependent  on  soil  nitrogen  availability,  which  is  of  less  importance  to  red  alder  because 
of  its  nitrogen-fixing  ability.  Douglas-fir,  on  the  other  hand,  has  greater  cold-hardiness, 
especially  to  unseasonable  frosts.  In  addition,  because  of  its  ability  to  carry  on  photosyn- 
thesis during  the  winter  (Waring  and  Franklin  1 979)  and  its  determinate  pattern  of  height 
growth,  Douglas-fir  may  be  able  to  better  utilize  sites  with  deep,  well-drained  to 
somewhat  excessively  drained  soils. 


Comparison  of  New 
Height  Growth  Curves 
With  the  Previous  Curves 


The  height  growth  curves  of  Bishop  and  others  (1958)  are  shown  as  dotted  curves  in 
figure  3  and  are  superimposed  on  the  new  height  growth  curves  prepared  from  the 
combined  data.  Although  generally  rather  similar,  the  curves  diverge  at  advanced  ages 
and  also  at  ages  below  10-15  years. 

The  graphic  height  growth  curves  prepared  from  the  old  data  by  the  Heger  method  were 
compared  with  the  curves  of  Bishop  and  others  (1958)  and  with  the  new  height  growth 
curves  prepared  from  the  combined  data.  The  pattern  of  height  growth  shown  by  the 
Heger  curves  was  in  much  closer  agreement  with  the  new  curves  than  with  the  old 
curves.  We  think  the  improvement  in  fit  with  the  new  curves  is  mainly  a  result  of  using 
a  more  flexible  function  that  is  capable  of  representing  polymorphic  curves  and  an 
inflection  at  young  ages. 

The  new  curves  are  clearly  an  improvement  over  the  old.  They  incorporate  an  extensive 
new  sample  that  considerably  extends  the  geographic  range,  and  yet  they  also  appear 
to  better  represent  the  old  data. 


Height  Growth  and  Site 
Index  Estimation  Curves: 
Differences  and 
Applications 


Height  growth  curves  provide  estimates  of  the  average  growth  pattern  of  trees  and 
stands  on  land  of  known  site  index.  They  represent  the  pattern  of  biological  growth. 
Although  foresters  customarily  refer  to  such  curves,  derived  as  regressions  of  height  on 
age  and  site  index,  as  "site  index  curves,"  according  to  accepted  biological  terminology 
they  are  "growth  curves." 

Foresters  commonly  estimate  site  index — height  at  a  specified  reference  age — by 
inverting  the  growth  equation  and  solving  for  site  index.  This  violates  the  general 
principle  that  the  quantity  to  be  estimated  should  be  the  dependent  variable  in  regres- 
sion. Estimating  equations  fitted  with  site  index  as  the  dependent  variable  give  different 
and  better  estimates  of  site  index  for  trees  of  measured  present  height  and  age  (Curtij 
and  others  1974),  although  the  differences  may  often  be  of  minor  practical  importance^ 
See  the  appendix  for  a  comparison  of  residuals  for  the  two  methods,  using  these  data 

If  the  objective  is  to  estimate  the  sequence  of  heights  over  time  expected  on  land  of  a 
given  site  index,  the  height  growth  equation  (equation  5;  figures  2  and  3)  is  appropriate. 
Conversely,  if  the  objective  is  to  estimate  future  or  past  height  of  a  tree  at  age  20  (S2o)> 
given  its  present  height  and  age,  then  the  site  index  estimating  equation  (equation  6; 
figures  4  and  5)  is  superior.  For  the  latter,  the  plot  or  stand  site  index  estimate  is  obtained 
as  an  average  of  individual  tree  estimates. 

The  height  growth  and  site  index  estimation  equations  presented  in  this  paper  were 
based  on  measurements  of  dominant  and  codominant  trees  in  unmanaged  stands  of 
natural  origin.  Possible  forest  management  practices — such  as  planting,  cultivation,  or 
early  spacing  control— could  be  expected  to  increase  tree  height  and  to  result  in  less 
variable  and  possibly  different  juvenile  growth  patterns.  If  growth  patterns  are  altered  by 
intensive  management  practices,  both  the  height  growth  and  site  index  estimation 
relationships  could  be  affected. 
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Appendix 
Comparison  of  Residuals 


For  the  height  growth  equation,  variances  are  zero  at  origin  and  index  age;  for  the  s  t 
index  estimation  equation,  variance  is  zero  at  index  age.  Vahances  increase  with 
distance  from  these  points,  and  calculated  standard  errors  of  estimate  are  not  very 
informative.  We  therefore  calculated  means  and  standard  deviations  of  the  residuals 
(Yobs "  Yest).  ^or  each  age  2,  4,  8,  .  . . ,  56,  using  the  combined  data.  These  values  am 
shown  in  figures  6  and  7. 

Site  index  estimates  are  often  calculated  by  inversion  of  the  height  growth  equation. 
Although  algebraic  inversion  of  equation  5  is  not  possible,  equivalent  estimates  can 
calculated  iteratively.  Means  and  standard  deviations  of  residuals  for  such  estimates  ai 
shown  as  dotted  lines  in  figure  7.  This  provides  a  comparison  of  residuals  from  direc 
estimates  of  site  index  using  equation  6  with  those  for  the  indirect  estimates  obtainec 
by  inversion  of  the  height  growth  equation,  equation  5.  Differences  at  advanced  ages 
are  rather  erratic  reflecting  the  changing  sample  with  declining  number  of  trees  at 
successive  ages.  The  general  pattern  is  as  expected,  however,  with  differences 
between  estimates  increasing  with  distance  from  the  reference  age. 

The  best  estimates  of  S20  are  obtained  by  using  the  site  index  estimation  equation.  It  is 
evident  from  figure  7,  however,  that  there  is  little  practical  difference  in  estimates  of  S20 
using  either  the  height  growth  equation  or  the  site  index  estimation  equation,  within  the 
age  range  of  15-40  years.  The  site  index  estimation  equation  will  provide  substantiall 
better  estimates  of  S20  for  ages  outside  these  limits.  Because  the  standard  deviation  of 
actual  heights  at  age  20  (S20)  is  about  3.4,  it  is  also  obvious  that  neither  equation  gives 
useful  estimates  of  S20  for  stands  below  about  age  5.  Measurements  of  height  and  age 
alone  cannot  provide  useful  site  estimates  in  very  young  stands. 
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Figure  6— Means  (A)  and  standard  deviations  (B)  of  differences 
(observed  height  -  estimated  height),  from  height  growth  equation  5, 
combined  data. 
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Harrington,  Constance  A.;  Curtis,  Robert  O.  Height  growth  and  site  index 
curves  tor  red  alder.  Res.  Pap.  PNW-358.  Portland,  OR:  U.S.  Department  ot 
Agriculture,  Forest  Service,  Pacific  Northwest  Research  Station,  1985. 14  p. 

New  height  growth  and  site  index  curves  for  red  alder  (AInus  rubra  Bong.)  were 
developed  from  stem  analysis  data.  The  analyses  use  a  reference  (site  index)  age 
of  20  years  and  are  applicable  to  natural  stands  between  5  and  50  years  of  age  in 
western  Washington  and  northwestern  Oregon.  The  new  curves  are  polymorphic 
and  provide  a  better  fit  to  observed  patterns  of  height  growth  than  the  previously 
available  curves.  Although  differences  from  previously  available  curves  are  not 
large,  the  new  curves  should  be  an  improvement,  particularly  for  use  in  short- 
rotation  management.  Recommendations  associated  with  the  new  curves  for 
converting  breast  height  age  to  total  age  vary  with  site  quality.  Relationships 
between  red  alder  height  growth  or  site  index  and  selected  site  characteristics  are 
briefly  discussed. 

Keywords:  Increment  (height),  site  index,  site  class,  red  alder,  AInus  rubra. 
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Abstract 


Salazar,  Debra  J.;  Schallau,  Con  H;  Lee,  Robert  G.  The  growing  importance  of 
retirement  income  in  timber-dependent  areas.  Res.  Pap.  PNW-359.  Portland,  OR: 
U.S.  Department  of  Agriculture,  Forest  Service,  Pacific  Northwest  Research 
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This  paper  examines  five  "timber-dependent"  counties  in  the  Pacific  Northwest  to 
document:  (1)  net  migration  rates  of  older  (and  presumably  retired)  people  into 
these  counties,  and  (2)  changes  in  the  economic  base  of  each  county  during  the 
1970's.  We  identify  a  "retirement"  sector  and  argue  that  it  has  become  a  major 
economic  sector  in  three  of  our  study  counties.  This  development  has  at  least  two 
implications  for  natural  resource  management  in  such  counties.  First,  economic 
diversification  may  lessen  the  effects  of  projected  declines  in  timber  harvests.  Sec- 
ond, local  concern  for  the  management  of  amenity-related  resources  may  grow. 

Keywords:  Economic  importance  (forests),  economic  impact,  income  effects,  retire- 
ment income. 


Research  Summary 


This  paper  examines  socioeconomic  changes  related  to  selective  migration  of 
retirees  to  nonmetropolitan,  natural  resource-based  counties  in  the  United  States.  A 
retirement  sector  is  defined  to  include  transfer  payments  to  retirees.  The  growth  of 
this  sector  and  net  migration  rates  of  the  65-year-old  and  older  age  group  are  ex- 
amined in  three  counties  in  Oregon  and  two  in  Washington.  Historically,  these 
counties  have  been  dependent  on  the  timber  industry.  During  the  1970's,  retirement 
became  a  dominant  economic  sector  in  three  of  the  counties.  This  change  has  at 
least  two  implications  for  those  involved  in  land  use  decisionmaking  in  these  coun- 
ties. First,  economic  diversification  may  lessen  the  effects  of  projected  declines  in 
timber  harvests.  Second,  local  concern  for  the  management  of  amenity-related 
resources  may  grow.  Land  use  planners  and  resource  managers  in  similar  counties 
throughout  the  country  should  become  aware  of  changes  in  the  economic  and 
political  environments  in  which  they  work. 
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Introduction  l^ural  communites  throughout  the  United  States  have  historically  been  dependent 

on  natural  resource-based  extractive  industries.  The  timber  industry  is  an  important 
economic  sector  in  rural  communities  in  many  regions  of  the  country.  Economic 
.     growth  and  development  in  these  communities  have  been  tied  to  the  performance 
of  the  wood  products  industry.  Demographic  and  economic  changes  observed  dur- 
ing the  1970's,  however,  may  have  important  implications  for  those  concerned  with 
natural  resource  management  and  planning  in  such  communities. 

Until  the  1970's  nonmetropolitan  areas  of  the  United  States  steadily  lost  population 
to  metropolitan  areas.  But  during  the  early  1970's  the  direction  of  net  migration 
changed.  The  net  movement  from  metropolitan  to  nonmetropolitan  areas  during  the 
1970's  has  been  referred  to  as  reverse  migration  (Beale  1975).  Many  communities 
in  the  forested  regions  of  this  country  have  experienced  rapid  population  growth 
because  of  reverse  migration.  A  second,  and  perhaps  related,  phenomenon  in- 
volves the  growing  importance  of  transfer  payments  (income  received  by  in- 
dividuals for  which  current  services  are  not  rendered)  in  nonmetropolitan  areas. 
Transfer  payments  include  unemployment  compensation,  welfare  payments  and 
benefits,  Social  Security  payments,  veterans'  and  military  retirement  benefits,  as 
well  as  payments  made  through  private  pension  plans.  Transfer  payments  do  not 
include  property  income,  which  results  from  dividends,  interest,  and  rental  pay- 
ments. Net  transfer  payments  (that  is,  total  payments  minus  personal  contributions 
to  social  insurance  programs)  was  the  fastest  growing  source  of  personal  income  in 
the  nonmetropolitan  counties  of  the  United  States  from  1968  to  1975  (Bluestone 
1979).  This  growth  was  particularly  pronounced  in  the  South  and  the  West. 

Our  concern  is  with  the  relationship  between  reverse  migration  and  the  growth  of 
transfer  payment  income  in  nonmetropolitan  counties.  Many  of  the  urban-to-rural 
migrants  are  retired  people  (Beale  1975).  Several  studies  have  demonstrated  that 
migration  of  retired  people  to  nonmetropolitan  communities  as  early  as  the  1960's 
and  through  the  1970's  substantially  altered  the  demographic  structure  of  these 
areas.  Graff  and  Wiseman  (1978)  identified  emerging  retirement  areas  in  1970  in 
the  Lake  States,  the  Pacific  Northwest,  and  the  Ozarks.  Fuguitt  and  Tordella  (1980) 
examined  net  migration  of  people  65  years  old  and  older  for  the  period  1970  to 
1975.  They  found  high  levels  of  net  migration  into  counties  near  the  Great  Lakes, 
the  Ozarks,  and  the  Northwest  and  Northeast  coasts.  Researchers  studying  the  net 
movement  of  older  people  from  metropolitan  to  nonmetropolitan  counties  con- 
sistently note  the  association  of  this  phenomenon  with  environmental  amenities. 
Their  research  indicates  that  retirees  are  migrating  to  areas  rich  in  outdoor  recrea- 
tional opportunities  and  scenic  values  (Beale  1975,  Fuguitt  and  Tordella  1980,  Graff 
and  Wiseman  1978). 

Our  research  indicates  that  retired  migrants  are  also  changing  the  economies  of 
rural  communities.  Retired  migrants  receiving  transfer  payments  and  property  in- 
come (dividends,  interest,-  and  rent)  inject  income  into  many  rural  economies.  This 
income  may  compensate  for  declines  in  other  sectors  or  it  may  stimulate  growth  in 
the  local  economy.  Thus,  in  many  areas,  retirement  income  may  be  viewed  as  an 
important  new  sector  of  the  rural  economy  (HirschI  and  Summers  1982). 


For  the  last  6  years,  the  wood  products  industry  in  the  Pacific  Northwest  has  suf- 
fered from  low  levels  of  demand,  and  projections  indicate  supply  problems  in  the 
future.  Total  log  production  is  expected  to  decline  until  the  end  of  the  century 
because  of  the  exhaustion  of  privately  owned  old-growth  stands  (Beuter  and  others 
1976,  Gedney  and  others  1975).  Consequently,  future  growth  and  stability  in  timber 
dependent  communities  will  depend  on  new  sources  of  income  (Schallau  and 
Polzin  1983).  For  some  of  these  communities,  the  growth  of  a  retirement  sector 
could  be  important. 

Our  objectives  are  to  document  the  demographic  and  economic  changes  we  have 
outlined  and  to  examine  some  implications  of  these  changes  for  natural  resource 
management  and  land  use.  Our  data  are  derived  from  five  counties  in  the  Pacific 
Northwest;  however,  we  believe  that  our  findings  may  apply  to  forested  areas  in  th( 
Southwest,  the  Lake  States,  and  the  Southeast. 


Economic  Base  of 
Timber-Dependent 
Counties 


Our  analysis  concerns  transfer  payments  received  by  people  residing  in  five  coun- 
ties in  the  Douglas-fir  region  of  western  Oregon  and  Washington.  We  have  used 
the  economic  base  concept  to  assess  the  importance  of  this  source  of  income. 
Most  economic  growth  and  change  in  small  regions  may  be  attributed  to  the  per- 
formance of  export  industries.  Income  derived  from  exports  allows  residents  to  im- 
port goods  and  services  and  to  purchase  locally  produced  goods  and  services. 
Use  of  the  economic  base  concept  requires  that  a  regional  economy  be  divided  in 
to  two  kinds  of  sectors:  (1)  basic,  which  is  composed  of  enterprises  that  export 
goods  and  services  outside  the  region;  and  (2)  nonbasic  (or  residentiary)  enter- 
prises, which  produce  for  local  markets.  The  economic  base  concept  asserts  that 
the  level  of  economic  activity  in  nonbasic  sectors  is  determined  by  income  and 
employment  in  basic  sectors  (Andrews  1953).  The  performance  of  basic  sectors 
reflects  external  demand  for  goods  and  services  produced  by  a  region.  Thus, 
economic  activity  in  basic  sectors  is  considered  independent  of  local  economic 
conditions,  whereas  the  performance  of  residentiary  sectors  depends  on  the  in- 
come generated  by  basic  sectors.  Traditionally,  manufacturing  industries  have  beer 
considered  the  dominant  basic  sectors.  We  shall  argue  that  retirement  income  ma; 
legitimately  be  considered  a  part  of  the  economic  base  in  our  study  counties. 


Two  factors  guided  the  selection  of  study  areas.  First,  we  were  interested  in  rural 
counties  that  had  strong  ties  to  the  forest  products  industry  prior  to  the  1970's.  As 
can  be  seen  in  table  1,  nearly  one-third  or  more  of  1969  basic  earnings  in  each  of 
the  counties  was  related  to  forest  products. 


Second,  we  were  interested  in  comparing  counties  that  had  experienced  substan- 
tial inmigration  of  retirees  during  the  1970's  with  counties  that  had  not.  Table  2  in- 
dicates that  net  migration  of  the  65  years  and  older  age  group  is  considerably 
more  important  in  Jackson,  Lincoln,  and  Jefferson  Counties  than  in  Coos  and 
Lewis  Counties.  Net  inmigration  at  all  ages  appears  more  important  in  the  former 
three  counties.  In  these  counties  net  inmigration  accounted  for  more  than  80  per- 
cent of  population  growth  during  the  decade,  and  net  migration  of  the  65  years  an 
older  age  group  accounted  for  more  than  10  percent  of  total  net  migration.  Thus, 
inmigration  of  older  people  was  an  important  component  of  population  growth  in 
Jackson,  Lincoln,  and  Jefferson  Counties.  In  Coos  and  Lewis  Counties,  both  total 
net  migration  and  net  migration  of  the  older  age  group  were  relatively  low.  In  Coos 
County  net  inmigration  accounted  for  only  33  percent  of  population  growth, 
whereas  in  Lewis  County  it  was  65  percent. 


Table  1— The  importance  of  the  forest  products 
industry  in  5  Northwest  counties 


State  Percent  of  basic 

and  county  1969  earnings 


Oregon: 

Coos  55.9 

Jackson  34.4 

Lincoln  32.6 

Washington: 

Jefferson  44.3 

Lewis  36.3 


Table  2— Demographic  character  of  5  Northwest  counties 


Net  migration,   1970-80 

Migrants 

Migrants/1 ,000 

65  years 

previous   residents 

state  and 

Population, 

Population  change. 

AH 

old  and 

65  years   old 

county 

1970 

1970-80 

migrants 

older 

and  older 

-   -   -   -   -  Persons   - 

Percent 

Oregon: 

Coos 

56,515 

7.532 

3,132 

620 

66.4 

Jackson 

94,533 

37,923 

32,024 

3,121 

164.7 

Lincoln 

25,755 

9.509 

8,897 

917 

135.4 

State  of 

Oregon 

2,091,533 

541.623 

394,913 

22.571 

61.4 

Washington: 

Jefferson 

10,661 

5,304 

4,955 

661 

246.1 

Lewis 

45,476 

9,812 

6.684 

303 

32.1 

State  of 

Washington 

3,413,250 

716,913 

469.728 

16,463 

30.8 

Sources:  Center  for  Population  Research  and  Census,  unpublished  estimates,  Portland 
State  University.  Portland,  OR;  U.S.  Department  of  Comnierce,  Bureau  of  the  Census 
(1973a,  1973b,  1983a,  1983b);  State  of  Washington,  Office  of  Financial  Management  (1983). 

Estimating  the  The  first  step  in  our  analysis  was  to  bifurcate  each  county  economy  into  basic  and 

Economic  Base  residentiary  sectors.  Six  sectors  that  potentially  produce  for  export  markets  were 

identified.  The  sectors  are  retirement,  wood  products,  other  manufacturing,  farming, 
service  and  trade,  and  Federal  and  State  government.  For  each  of  these  sectors, 
we  estimated  basic  personal  income  for  each  year  from  1969  through  1978.  Our 
primary  source  of  data  was  the  Bureau  of  Economic  Analysis  "Local  Area  Personal 
Income"  (unpublished)  series.  All  personal  income  data  were  deflated  by  the  con- 
sumer price  index  (1967  =  100). 


Transfer  payments  were  divided  into  a  retirement  component  (Social  Security 
payments,  military  pensions,  and  other  government  retirement  payments)  and  an 
"other"  component  (for  example,  welfare,  unemployment).  We  classified  the  retire- 
ment component  as  basic  and  the  other  component  as  residentiary.  There  is  some 
disagreement  about  whether  tranfer  payments  may  be  legitimately  viewed  as  basic 
income.  ^^   The  level  of  income  in  the  retirement  component  of  transfer  payments, 
however,  is  certainly  independent  of  the  performance  of  the  local  economy.  The 
magnitude  of  the  retirement  component  in  a  specific  county  depends  on  two 
variables.  The  first  is  the  number  of  retirees  who  choose  to  reside  in  the  county. 
The  second  variable  is  the  level  of  funding  for  government  pension  programs. 
Neither  variable  is  directly  dependent  on  the  performance  of  the  county  economy. 
Rather,  these  two  variables  depend  on  decisions  of  individual  retirees  and  on  na- 
tional politics. 

Retirees  who  are  affluent  enough  to  migrate  often  receive  income  in  addition  to 
pensions.  Such  income  includes  rents  from  property  and  dividends  and  interest  on 
investments.  Thus,  an  influx  of  retirees  to  a  rural  community  is  likely  to  be 
associated  with  an  increase  in  property  income.  Although  not  all  recipients  of  pro- 
perty income  are  retired,  growth  in  this  type  of  income,  in  part,  reflects  the  growing 
importance  of  the  retirement  community.  Unfortunately,  we  know  of  no  indirect 
method  that  will  allow  us  to  allocate  property  income  among  age  groups  in  a  con- 
vincing manner  Therefore,  we  have  omitted  property  income  from  the  economic 
base  analysis  (reported  in  table  3).  This  approach  leads  to  a  very  conservative 
estimate  of  the  magnitude  of  the  retirement  sector 

The  manufacturing  and  farming  sectors  were  classified  as  basic.  These  sectors  are 
traditionally  assumed  to  produce  for  export  markets.  Manufacturing  was  divided  in- 
to wood  products  and  other  manufacturing.  The  wood  products  sector  includes 
lumber  and  wood  products,  and  paper  and  allied  products. 

Five  trade  and  service  sectors— transportation  and  public  utilities;  finance,  in- 
surance, and  real  estate;  wholesale  trade;  retail  trade;  and  services — were  bifur- 
cated by  use  of  a  location  quotient  approach.  ^/   After  basic  personal  income  was 
estimated  for  each  sector,  the  amounts  were  summed.  Results  are  reported  for  the 
aggregate  trade  and  service  sector 

Finally,  income  received  by  employees  of  Federal  and  State  government  agencies 
was  classified  as  basic.  Such  income  is  generally  independent  of  the  performance 
of  the  local  economy.  Personal  income  received  by  county  and  municipal  govern- 
ment employees  was  designated  nonbasic. 


"    Park  (1965)  was  one  of  the  first  analysts  to  include  transfer 
payments  in  the  economic  base.  He  argued  that  the  level  of 
transfer  payments  would  have  "significant  bearings  upon  local 
employment."  See  HirschI  and  Summers  (1982)  for  an  analysis 
of  the  growing  importance  of  transfer  payments  in  the  economic 
bases  of  rural  communities. 

^'   The  location  quotient  technique  compares  the  percentage  of 
total  county  personal  income  in  one  sector  with  the  same 
percentage  for  a  benchmark  region  (in  our  case,  Oregon  and 
Washington).  If  the  percentage  for  the  county  is  greater  than  that 
for  the  benchmark  region,  the  difference  is  assumed  to  result 
from  production  in  excess  of  local  demand.  This  excess  is  then 
classified  as  basic.  See  Richardson  (1973)  for  a  discussion  of 
location  quotients  as  well  as  othe''  methods  of  regional  economic 
analysis. 


Table  3— Annual  growth  rate'  of  the  export  base  components  (earnings  basis) 
of  5  timber-dependent  counties  in  Oregon  and  Washington,  1969-782 


Retirement 

Wood 
products 

Trade  and 
service 

Other 
manufacturi 

ng 

Federal 
and  State 
government 

Farm 

Total 

state  and 
county 

A 

8 

Oregon: 
Coos 

Jackson 
Lincoln 

8.78 
8.61 
8.36 

1.19 
3.46 
4.16 

6.45 
1  .74 
3.36 

Percent 

1  .86 
6.08 
6.34 

3.81 
5.77 
4.40 

1.05 

-5.26 

2.43 

3.43 
4.68 
5.76 

2.12 
3.53 
4.30 

Washington: 

Jefferson 
Lewis 

10.56 
7.70 

1.43 
5.56 

12.30 
11  .42 

17.07 
3.37 

5.84 
3.34 

6.59 
5.32 

6.86 
5.54 

4.87 
5.10 

^AU  calculations  are  based  on  constant  dollars  (1967  =  100). 

^The  rate  of  growth  was  derived  from  the  exponential  curve  fit  of  the  form: 

Yi  =  ae^^n; 

where: 

Yi  =  export  base  earnings  for  sector  i, 

a   =  Y  intercept, 

e   =  natural  log, 

b   =  annual  rate  of  growth,  and 


year  n  (n  =  1,2. 


.10). 


3"A"  includes  the  retirement  sector;  "B"  does  not. 


Retirement  Income 
More  Important 


With  the  exception  of  Lewis  County,  the  wood  products  industry  declined  in  relative 
importance  between  1969  and  1978  (table  4).  Wood  products  continues  to  dominate 
the  economies  of  both  Coos  and  Lewis  Counties.  But  the  relative  importance  of 
timber-dependent  earnings  dropped  significantly  in  the  Coos  County  area. 
(Although  table  3  reveals  absolute  increases  tor  real  income  in  the  wood  products 
sector,  other  sectors  grew  faster  in  all  five  counties.) 


Table  4 — Change^  in  timber-dependent  income  (A)  and  retirement  income  (B) 
of  5  Northwest  counties,  1969-78 


Oregon 

Wash 

ington 

Coos 

Jack 

son 

Lincol 

n 

Jeff 

erson 

Lewis 

Year 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

Percent 

of   dJi  expoi 

t   base 

earnings 

1969 

55.9 

14.9 

34.4 

23.1 

32.6 

23.2 

44.3 

22.0 

36.3 

20.9 

1970 

54.4 

16.4 

32.7 

25.7 

28.8 

26.1 

42.8 

24.7 

38.0 

24.2 

1971 

52.1 

18.4 

32.2 

25.2 

28.5 

24.6 

39.0 

27.3 

38.9 

25.6 

1972 

49.6 

17.8 

34.2 

24.7 

27.5 

25.0 

40.7 

27.4 

39.8 

23.8 

1973 

47.1 

19.8 

32.4 

26.2 

22.2 

29.4 

39.5 

27.9 

37.0 

23.1 

1974 

47.7 

21.6 

30.3 

29.0 

28.5 

27.3 

37.6 

30.3 

34.9 

25.5 

1975 

44.9 

23.8 

28.1 

32.2 

26.5 

29.4 

32.5 

30.7 

36.1 

27.3 

1976 

46.1 

23.8 

31.9 

32.1 

26.1 

29.9 

33.0 

29.4 

38.5 

26.5 

1977 

48.1 

23.2 

33.2 

32.3 

28.3 

27.9 

32.0 

30.1 

38.7 

26.7 

1978 

45.8 

22.5 

30.1 

30.0 

25.9 

29.6 

25.4 

32.3 

37.2 

26.1 

^Derived  from  constant  dollars  (1967=100). 


In  two  of  the  counties — Lincoln  and  Jefferson— the  wood  products  industry  essen- 
tially reversed  roles  with  the  retirement  sector  between  1969  and  1978.  That  is,  the 
tinnber  industry  was  the  most  important  component  of  the  economic  base  in  1969; 
in  1978  the  retirement  sector  was  the  most  important.  In  Jackson  County,  the  retire- 
ment and  timber  sectors  were  equally  important  in  1978.  The  relative  importance  of 
retirement  income  changed  little  in  Lewis  County.  But  even  in  Coos  County,  where 
the  retirement  sector  is  still  less  important  than  in  the  other  counties,  the  change 
was  quite  significant. 

A  comparison  of  the  real  annual  growth  rate  of  the  economic  base  components  is 
shown  in  table  3.  In  the  three  Oregon  counties,  the  retirement  sector  grew  faster 
than  any  of  the  other  sectors.  Furthermore,  growth  of  the  wood  products  industry  in 
these  counties  was  below  the  average  for  all  economic  base  sectors.  The  retire- 
ment sector  grew  faster  in  Jefferson  County  than  in  any  other  county.  But  in  Jeffer- 
son County  there  were  other  sectors  that  grew  faster.  The  retirement  sector  ex- 
hibited the  least  growth  in  Lewis  County. 

The  timber  industry  in  two  of  the  Oregon  counties — Coos  and  Jackson — is  par- 
ticularly vulnerable  to  a  future  decline  in  timber  production  resulting  from  the  ex- 
haustion of  privately  owned  old-growth  timber  But  during  the  1970's,  the  above 
average  growth  of  the  retirement  component  of  the  economic  base  in  both  these 
areas  helped  to  diversify  their  respective  economies.  Conceivably,  therefore,  con- 
tinued growth  of  retirement  income  could  compensate  for  any  loss  of  income 
resulting  from  the  decline  of  the  timber  industry. 


Forest  Management 
Policy  and 
Socioeconomic 
Change 


In  addition  to  influencing  the  amount  of  residentiary  activity  in  a  region,  the  basic 
sectors  will  also  affect  the  structure  of  residentiary  activity  (North  1955).  Local  in- 
dustries that  produce  inputs  for  the  exporting  industries  may  become  established 
and  grow  within  a  region.  In  a  rural  community  that  depends  on  the  export  of 
timber  for  much  of  its  income  and  employment,  we  would  expect  to  find  several 
stores  that  sell  chainsaws,  automobile  dealers  that  specialize  in  four-wheel-drive 
vehicles,  as  well  as  other  retail  outlets  selling  equipment  used  by  loggers.  For  ex- 
ample, the  sale  and  service  of  logging  equipment  is  very  prevalent  in  western 
Oregon  but  is  nonexistent  in  the  Corn  Belt.  Similarly,  health  care  facilities  for  the 
elderly  would  be  more  important  in  areas  with  a  larger  than  average  retirement 
sector  (HirschI  and  Summers  1982).  ^i 


The  economic  base  of  a  community  or  region  also  contributes  to  its  social  and 
political  development  (North  1955).  The  vitality  of  basic  sectors  is  very  important  to 
the  residents  of  a  community  or  region  because  a  wage  earner's  economic  future 
depends  either  directly  or  indirectly  on  the  performance  of  basic  sectors.  Conse- 
quently, local  residents  will  generally  find  it  to  their  collective  advantage  to  support 
political  positions  and  movements  that  favor  basic  industries  in  order  to  strengthen 
the  local  economy's  interregional  competitiveness. 

■^'   The  transformation  of  a  local  economy  from  one  based  on 
resource  extraction  and  processing  to  one  that  is  dominated  by 
retirement  and  tourism  will  affect  the  kinds  of  employment 
available  and  the  levels  of  wages  in  a  community.  Though  these 
particular  changes  have  not  been  a  central  focus  of  our 
research,  they  are  important  and  deserve  examination.  Results 
of  this  kind  of  study  would  be  useful  to  local  officials  involved  in 
land  use  and  economic  development  planning. 


That  income  sources  of  retirees  are  generally  not  tied  to  a  geographic  location  has 
important  implications  for  the  social  and  political  inclinations  of  the  residents  of 
timber-dependent  communities.  Retirees  may  not  be  as  sympathetic  to  the  needs 
of  local  industry  as  the  resident  labor  force  is.  We  have  documented  instances  of 
inmigration  contributing  to  an  increased  number  of  older  and  retired  people  (table  2). 
Although  most  older  citizens  do  not  migrate  at  retirement,  an  increasing  number 
have  the  financial  resources  to  do  so— in  part  because  of  increasing  transfer 
payments.  For  those  who  do  migrate,  expectations  about  the  quality  of  life  at  the 
destination  are  important  (Cebula  1974).  Evidence  gathered  by  demographers  in- 
dicates that  retirees  have  migrated  selectively  to  areas  with  recreational  oppor- 
tunities and  scenery  provided  by  nearby  forest  and  water  resources.  Thus,  if  we 
assume  that  retirement-induced  economic  growth  depends  at  least  in  part  on 
amenity-related  natural  resources,  then  the  management  of  these  resources  will 
hold  more  importance  for  many  residents  of  rural  counties. 

Economic  diversification  associated  with  the  growth  of  the  retirement  community 
could  result  in  increased  sensitivity  regarding  the  management  and  use  of  amenity- 
related  natural  resources.  This  sensitivity  is  likely  to  be  expressed  in  the  political 
arena  and  thus  will  affect  the  work  situation  for  both  public  and  private  resource 
management  and  land  use  planning  agencies.  Adelman  (1980)  discusses  the 
political  activities  undertaken  by  retirees  who  have  migrated  to  Jefferson  County, 
Washington.  She  observes  that  these  newcomers  are  very  active  in  community  af- 
fairs, that  they  are  involved  in  land  use  and  conservation  politics,  and  that  they 
have  the  organizational  skills  necessary  to  make  their  involvement  effective.  They 
have  expressed  opposition  to  new  development  as  well  as  to  what  they  perceive  to 
be  "overly  timber-oriented  management  of  the  federal  lands"  (Adelman  1980,  p.  58). 

Examples  of  active  local  opposition  to  resource  management  activities  by  recent  in- 
migrants  may  be  found  throughout  the  West.  In  the  late  1970's  and  early  1980's  a 
group  of  residents  in  Roslyn,  Washington,  effectively  halted  Burlington  Northern 
plans  to  log  company-owned  land  in  the  community's  watershed.  This  effort  was 
led  by  recent  migrants  to  Roslyn,  among  them  retirees.  In  addition  to  having  an  in- 
terest in  how  land  and  natural  resources  are  managed,  many  retired  people  have 
the  time  and  resources  to  pursue  such  interests  politically. 

Economic  diversification  has  additional  implications  for  the  management  of  Federal 
forest  land.  Economic  stability  has  been  one  of  the  major  objectives  of  public  forest 
land  management  in  the  West  (Schallau  1974);  however,  the  relationship  between 
timber  harvest  levels  and  the  stability  of  employment  and  income  may  be  chang- 
ing. The  economic  bases  of  many  communities  are  no  longer  as  reliant  on  timber 
as  they  once  were.  Consequently,  these  diversifying  economies  will  respond  dif- 
ferently to  fluctuations  in  timber  harvests  than  more  timber-dependent  communities 
do.  This  would  be  the  case  if  losses  in  the  timber  sector  were  offset  by  the  growth 
of  the  retirement  sector.  Thus,  in  estimating  direct  and  indirect  socioeconomic 
responses  to  alternative  harvest  levels,  public  forest  managers  should  carefully 
reexamine  traditional  assumptions  regarding  community  stability  and  timber 
dependence.  In  some  areas,  timber  dependence  may  not  be  as  great  as  conven- 
tional wisdom  might  lead  us  to  expect. 


The  emergence  of  the  retirement  sector  could  be  important  for  resource  managers 
and  land  use  planners  in  some  rural  communities.  This  growing  component  of  the 
economic  base  could  contribute  to  economic  stability  by  helping  to  compensate  fo 
the  expected  loss  of  timber-dependent  income.  Furthermore,  the  growing  retiremer 
community  could  heighten  competition  for  land  and  resources;  however,  an  alter- 
native scenario  may  be  envisioned.  Future  efforts  to  resolve  resource  conflicts  ma] 
not  be  as  acrimonious  as  in  the  past.  Healy  (1983)  predicts  that  the  1980's  "might 
best  be  described  as  the  decade  of  compatibility  and  context,"  and  a  time  when 
land  use  planning,  "especially  at  the  local  level,  will  emphasize  negotiation  and 
partnership,  rather  than  regulation  and  unilateral  government  action."  In  some  rure 
counties,  political  involvement  by  the  retirement  community  could  play  a  role  in 
determining  whether  industry  and  environmentalists  can  find  common  ground. 

Conclusions  We  have  documented  high  levels  of  inmigration  of  older  (and  presumably  retired) 

people  into  three  of  the  five  rural  counties  analyzed  in  Oregon  and  Washington. 
Demographic  studies  indicate  that  this  is  an  important  phenomenon  in  rural  areas 
in  the  Southwest,  the  Lake  States,  and  the  Southeast  (Beale  1975,  Fuguitt  and 
Tordella  1980).  We  have  also  documented  the  emergence  and  growth  of  a  new 
sector  in  these  rural  economies.  Personal  income  received  by  retirees  in  the  form 
of  transfer  payments  constitutes  an  increasingly  dominant  economic  sector  in  thre^ 
out  of  five  of  our  study  counties.-/ 

Substantial  inmigration  of  retirees  and  associated  diversification  of  rural  economie; 
could  have  important  implications  for  resource  management.  The  growth  of  the 
retirement  sector  could  compensate  for  future  declines  in  the  wood  products  secto 
The  recipients  of  this  new  source  of  income  may  mobilize  to  become  a  more  dom 
nant  political  voice  in  many  rural  communities  in  the  Pacific  Northwest  and  else- 
where. It  is  not  apparent  whether  this  new  voice  will  heighten  or  reduce  tensions 
between  environmentalists  and  the  timber  industry.  In  any  event,  resource  mana- 
gers and  land  use  planners  will  need  to  become  more  responsive  to  diverse  local 
concerns  in  the  management  of  amenity-related  natural  resources  and  more  skilift 
in  resolving  local  conflict  over  resource  allocation. 

"'   An  analysis  that  included  property  income  received  by 
retirees  could  demonstrate  that  the  retirement  sector  is  even 
more  important  than  our  results  indicate. 
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Satazar,  Debra  J.;  Schallau,  Con  H;  Lee,  Robert  G.  The  growing  importance 
of  retirement  income  in  timber-dependent  areas^  Res.  Pap    PNW-359. 
Portland,  OR;  US.  Department  of  Agriculture,  Forest  Service.  Pacific  North- 
west Research  Station;  1986.  10  p. 

This  paper  examines  five  "timber-dependent"  counties  in  the  Pacific  North- 
west to  document;  (1)  net  migration  rates  of  older  (and  presumably  retired) 
people  into  these  counties,  and  (2)  changes  in  the  economic  base  of  each 
county  during  the  1970's,  We  identify  a  "retirement"  sector  and  argue  that  it 
has  become  a  major  economic  sector  in  three  of  our  study  counties.  This 
development  has  at  least  two  implications  for  natural  resource  management  in 
such  counties.  First,  economic  diversification  may  lessen  the  effects  of  pro- 
jected declines  in  timber  harvests.  Second,  local  concern  for  the  management 
of  amenity-related  resources  may  grow. 

Keywords;  Economic  importance  (forests),  economic  impact,  income  effects, 
retirement  income. 
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Abstract 


Hankin,  D.G.  Sampling  designs  for  estimating  the  total  number  of  fish  in  small  streams. 
Res.  Pap.  PNW-360.  Portland,  OR:  U.S.  Department  of  Agriculture,  Forest  Service, 
Pacific  Northwest  Research  Station.  1986.  33  p. 


A  common  objective  of  fisheries  research  is  estimating  the  total  number  of  fish  in  small 
streams.  The  conventional  approach  involves  (1)  selecting  a  small  sample  of  equal- 
length  sections  of  stream,  and  (2)  estimating  the  total  number  of  fish  in  each  section 
using  removal  method  or  mark-recapture  estimators.  Error  of  estimation  of  the  total 
number  of  fish  in  a  stream  arises  from  two  sources:  (1 )  extrapolation  from  the  small 
number  of  sampled  sections  to  the  entire  stream,  and  (2)  errors  of  estimation  of  fish 
numbers  within  sampled  sections.  This  report  shows  that  errors  arising  from  the  first 
source  will  usually  be  far  larger  than  those  arising  from  the  second  source.  Total  errors 
of  estimation  can  be  reduced  by  making  sampled  sections  equivalent  to  natural  habitat 
units.  Entire  pools  or  hffles  should  be  sampled  rather  than  fixed-length  sections  of 
streams.  The  relative  performances  of  three  alternative  sampling  designs,  which  can  be 
used  when  sampled  sections  are  equivalent  to  natural  habitat  units,  are  contrasted  in 
terms  of  accuracy  and  cost-effectiveness.  Accuracy  of  estimation  can  be  dramatically 
improved  if  sampling  designs  account  for  the  usually  strong,  positive  correlation 
between  fish  numbers  and  habitat  unit  sizes. 

Keywords:  Sampling  designs,  population  sampling,  fish  population,  fish  habitat. 


Summary 


The  traditional  sampling  design  used  to  estimate  the  total  number  of  fish  in  small 
streams  involves  (1)  dividing  a  stream  into  sections  of  equal  length,  (2)  selecting  a 
simple  random  sample  from  these  sections,  and  (3)  using  some  population  estimator 
within  each  of  the  selected  sections.  In  sampling  theory  jargon,  this  design  is  termed  a 
two-stage  sampling  design  with  equal-sized  primary  units.  Errors  of  estimation  in  a 
two-stage  design  arise  from  two  sources:  (1)  errors  of  extrapolation  from  the  small 
number  of  sampled  sections  to  the  entire  stream,  and  (2)  errors  of  estimation  of  fish 
numbers  within  sampled  sections.  Error  arising  from  the  first  source  is  measured  by  the 
variation  among  (estimated)  primary  unit  totals  and  is  termed  first-stage  variance.  Error 
arising  from  the  second  source  is  measured  by  the  average  error  of  population 
estimation  within  selected  sections  and  is  termed  second-stage  variance.  In  the  usual 
small-stream  context,  first-stage  vahance  is  very  large  compared  to  second-stage 
variance. 


Large  first-stage  variance  for  the  traditional  design  results  from  equal-sized  primary 
units  being  of  unequal  habitat  quality.  Certain  selected  sections  may  consist  primarily  of 
riffle  habitat,  whereas  others  may  consist  primarily  of  pool  habitat.  Because  densities  of 
fish  usually  vary  considerably  among  habitat  types,  the  equal-sized  primary  unit  design 
results  in  substantial  variation  among  the  numbers  of  fish  in  primary  units  and,  thus,  in 
large  first-stage  vahance. 

Stratification  can  be  used  to  improve  the  precision  of  estimation  of  the  total  number  of 
fish  in  small  streams.  A  stream  can  be  mapped  and  strata  formed  on  the  basis  of  habitat 
unit  types;  for  example,  pools  or  riffles.  Independent  samples  can  then  be  drawn  from 
each  constructed  stratum,  and  independent  estimates  of  the  total  number  of  fish  within 
each  stratum  can  be  made.  An  estimate  of  the  total  number  of  fish  in  the  entire  stream 
can  then  be  obtained  by  summing  all  stratum  estimates;  estimated  variance  of  this 
estimated  total  can  be  obtained  by  summing  variance  estimates  for  independently 
estimated  stratum  totals. 


If  stratification  is  used  to  improve  precision  of  estimates,  then  the  natural  habitat  units 
become  the  primary  sampling  units.  Thus,  a  two-stage  sampling  design  appropriate  for 
unequal-sized  primary  units  must  be  used  within  each  habitat  stratum.  Three  alternative 
two-stage  sampling  designs,  appropriate  when  primary  units  are  of  unequal  sizes,  are 
presented  in  this  report.  Two  of  these  designs  can  substantially  improve  precision  and 
accuracy  of  estimation  when  (1)  the  range  in  primary  unit  sizes  is  large  (>  four-fold), 
and  (2)  the  correlation  between  primary  unit  totals  and  primary  unit  sizes  is  large  (r>0.5). 
Improved  accuracy  of  both  designs  is  achieved  through  a  significant  reduction  in 
first-stage  variance  as  compared  to  designs  that  fail  to  account  for  the  correlation 
between  fish  numbers  and  habitat  unit  sizes. 

Adoption  of  two-stage  sampling  designs  based  on  unequal-sized  primary  units  also 
gives  important  biological  improvements.  It  is  possible  to  quantitatively  study  the 
relationships  between  fish  numbers  and  the  sizes  and  qualities  of  habitat  units.  This  kind 
of  information  is  critical  for  understanding  the  dynamics  of  the  abundance  of  fish  in  small 
streams. 
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introduction  Fisheries  biologists  are  often  required  to  provide  estimates  of  the  total  number  of  fish  in 

small  streams.  The  purposes  for  which  these  estimates  are  made  will  influence  the 
required  accuracy  of  estimates  and  the  costs  of  obtaining  estimates.  For  purposes  of 
crude  inventory  work,  estimates  that  are  within  ±  50  percent  of  the  true  quantity  (with 
95  percent  probability)  may  be  adequate.  But  for  research  purposes,  estimates  may  have 
to  be  within  ±  10  percent  of  the  true  quantity  (see  Robson  and  Regier  1964).  For 
example,  evaluation  of  the  impacts  and  cost-effectiveness  of  current  efforts  at  rehabilita- 
tion or  enhancement  of  anadromous  salmonid  populations  will  surely  require  estimates 
of  fish  abundance  that  are  within  ±  10-20  percent  of  the  true  abundance.  Have 
rehabilitation  measures  actually  increased  the  number  of  adult  fish  spawning  in 
streams?  Have  the  benefits  of  rehabilitation  exceeded  the  costs?  Answers  to  such 
questions  can  be  provided  only  through  comparison  of  estimates  of  abundance  before 
and  after  rehabilitation.  If  errors  of  estimation  of  abundance  are  large,  then  it  will  be 
difficult  or  impossible  to  detect  changes  in  abundance  and  to  evaluate  rehabilitation 

j  •  programs. 

Development  of  schemes  designed  to  reduce  errors  of  estimation  of  fish  abundance 
requires  knowledge  of  both  population  estimators  and  sampling  theory.  Most  fisheries 
biologists  have  received  training  in  the  application  of  population  estimators,  and  this 

j  report  assumes  that  readers  are  familiar  with  standard  mark-recapture  and  removal 

method  estimators  (see  Sober  1982  for  a  thorough  review  of  population  estimation 
methods;  see  Everhart  and  Youngs  1 981 ,  chapter  6,  for  a  brief  review).  These  population 
estimators  are  used  widely  and  effectively  in  small  streams.  Knowledge  of  how  to  apply 
these  population  estimators,  however,  is  inadequate  for  estimating  fish  abundance. 
Usually  only  a  very  small  fraction  of  a  stream  can  be  sampled.  How  and  where  to  select 

i  sample  sections  of  stream  must  be  decided  before  population  estimators  can  be  used 

'  within  selected  stream  sections. 

Sampling  theory  concerns  itself  with  methods  that  determine  how  and  where  to  select 
samples,  and  with  how  those  methods  can  influence  the  quality  of  inferences  drawn 
from  samples.  The  purpose  of  this  report  is  to  illustrate  that  basic  sampling  theory 
principles  can  be  used  to  develop  cost-effective  programs  for  accurate  estimation  of  fish 
abundance.  In  most  cases,  these  principles  are  simple  and  intuitive;  in  other  cases  they 
are  more  complex,  but  still  have  strong  intuitive  appeal.  Because  few  fisheries  biologists 
have  studied  sampling  theory,  the  intuitive  basis  of  these  principles  will  be  stressed  and 
simple  numerical  examples,  rather  than  formal  mathematical  developments,  will  be 
used  for  illustrative  purposes.  The  initial  material  on  basic  sampling  theory  concepts  is 
provided  for  the  benefit  of  readers  with  essentially  no  sampling  theory  background  and 
may  be  skipped  by  some  readers.  Boldface  type  is  used  throughout  this  report  to 
indicate  the  introduction  of  important  sampling  theory  concepts  or  terms. 

Although  the  bulk  of  this  report  is  devoted  to  examination  of  alternative  sampling  designs 
for  estimation  of  the  total  number  of  fish,  a  fisheries  biologist  may  often  want  to  estimate 
the  total  biomass  of  fish.  Appendix  4  is  devoted  to  this  topic.  Readers  interested  in  a 
more  formal  presentation  of  the  alternative  sampling  designs  presented  in  this  report  are 
referred  to  Hankin  (1984)  and  to  references  cited  in  that  paper. 


Basic  Sampling 
Theory  Concepts 

Expected  Value, 
Variance,  and  Mean 
Square  Error 


An  estimator,  when  applied  in  practice,  can  result  in  many  possible  estimates.  For 
example,  if  a  certain  number  of  fish  were  marked  and  then  released  in  a  section  of 
stream,  many  estimates  of  population  size  would  be  possible  based  on  distinctive 
recapture  samples.  Due  to  chance,  the  fraction  of  marked  fish  in  a  given  sample  may 
differ  from  the  true  marked  fraction  in  the  total  population;  this  will  cause  a  population 
estimator  to  generate  many  different  sample-based  estimates  of  population  size.  The 
quality  of  an  estimator  is  therefore  assessed  on  the  basis  of  its  overall  average 
performance.  In  the  case  of  a  mark-recapture  estimator,  this  overall  average  perform- 
ance may  be  conceptualized  by  imagining  (1)  releasing  M  fish  into  a  population  of  size 
Y,  drawing  a  recapture  sample  of  size  C,  and  estimating  population  size  based  on  the 
marked  fraction  in  C;  and  (2)  repeating  this  same  experiment  an  infinite  number  of  times. 
If  the  relative  frequency  of  particular  estimates  of  population  size  were  then  plotted 
against  estimated  population  size,  a  characteristic  distribution  would  result.  This 
distribution  is  known  as  the  sampling  distribution  of  the  population  estimator  and  may 
be  characterized,  in  part,  by  its  mean  and  variance.  In  addition,  however,  one  also 
characterizes  the  relationship  of  this  distribution  to  the  true  population  size  that  the 
estimator  is  designed  to  estimate. 


The  quality  of  an  estimator  is  judged  on  the  basis  of  its  sampling  distribution  by  three 
principal  criteria: 

1 .  Bias — the  average  departure  of  estimates  from  the  true  quantity  being  estimated. 

2.  Variance — the  average  (squared)  variation  of  estimates  from  the  average  of  all 
estimates. 

3.  Mean  square  error — bias  (squared)  plus  variance. 

The  statistical  meaning  of  bias  is  much  the  same  as  its  meaning  in  everyday  language; 
variance  and  mean  square  error  can  also  be  defined  in  everyday  terms  that  help  clarify 
their  meanings.  Precision  is  the  reciprocal  of  variance.  Thus,  if  there  is  a  great  deal  oi 
variation  among  possible  estimates  (variance  is  large),  then  an  estimator  has  low 
precision;  if  variance  is  small,  then  an  estimator  has  high  precision.  But  because 
variance  measures  only  variation  among  the  possible  estimates  (from  the  mean  of  all 
estimates),  precision  is  not,  by  itself,  a  satisfactory  measure  of  estimator  performance. 
Mean  square  error  is  a  measure  of  the  accuracy  of  an  estimator  and  is  defined  as  the 
averaged  (squared)  variation  between  estimates  and  the  true  quantity  being  estimated. 
An  estimator  with  small  mean  square  error  has  high  accuracy,  whereas  an  estimator 
with  large  mean  square  error  has  low  accuracy.  Note  that  low  accuracy  can  result  from 
(1 )  high  bias  and  high  precision,  (2)  low  bias  and  low  precision,  or  (3)  some  intermediate 
combination  of  bias  and  precision. 


An  intuitive  understanding  of  the  concepts  of  bias,  variance,  and  mean  square  error  can 
be  conveyed  through  a  bullseye  analogy.  Consider  each  of  the  four  diagrams  in  figure 
1  as  patterns  of  darts  thrown  by  contestants  in  a  contest  at  a  local  tavern.  Figure  1A 
depicts  the  pattern  of  a  highly  skilled  dart  thrower.  It  is  tightly  packed  (small  variance) 
and  centers  about  the  bullseye  (the  quantity  to  be  "estimated").  The  pattern  has  (1 )  low 
bias,  (2)  high  precision,  and  (3)  high  accuracy.  Figure  IB  shows  the  pattern  of  a  rival 
dart  thrower  who  is  also  highly  skilled,  but  is  using  a  new  set  of  darts  and  has  yet  to 
adjust  for  the  unfamiliar  balance  of  the  new  darts.  His  pattern  is  highly  precise  but, 
because  it  is  biased  (that  is,  off  target),  it  is  less  accurate  than  the  pattern  in  figure  1A. 
Figures  1C  and  ID  can  be  thought  of  as  dart  patterns  for  these  same  two  individuals 
after  each  has  consumed  two  pitchers  of  beer.  The  first  individual's  pattern  (fig.  1C) 
remains  unbiased  (it  still  centers  about  the  bullseye),  but  it  is  now  extremely  imprecise 


Figure  1 . — The  bullseye  analogy.  Various  patterns  of  darts  at  a 
target;  (A)  high  precision,  low  bias,  high  accuracy;  (B)  high  precision, 
high  bias,  medium  accuracy;  (C)  low  precision,  low  bias,  low 
accuracy;  and  (D)  low  precision,  high  bias,  lowest  accuracy 


and,  as  a  result,  extremely  inaccurate.  Figure  1 D  shows  that  the  second  individual's  dart 
pattern  retains  its  bias,  is  far  less  precise  than  in  figure  IB,  and  is  even  less  accurate 
than  the  first  inebriated  dart  thrower's  pattern.  The  analogy  between  dart  patterns  and 
the  sampling  distribution  of  an  estimator  illustrates  the  concepts  of  bias,  precision,  and 
accuracy  in  an  effective  conceptual  manner  and  helps  prepare  one  for  the  quantitive 
treatment  that  follows. 

Most  of  sampling  theory  concerns  itself  with  situations  in  which  there  are  only  a  finite 
number  of  possible  samples  that  can  be  drawn  from  a  sampling  universe  of  finite  size. 
A  sampling  universe  consists  of  the  total  number  of  units  from  which  samples  are  drawn 
and  the  attributes  of  these  units.  Units  may  have  many  attributes.  For  example,  if  all 
pools  in  a  stream  constituted  the  units  of  a  sampling  universe,  then  units  could  have 
attributes  such  as  number  of  fish,  area,  volume,  and  average  and  maximum  depth.  The 
objective  of  sampling  is  to  estimate  some  collective  attribute  of  the  sampling  universe  on 
the  basis  of  a  small  number  of  units  (that  is,  from  a  sample).  Examples  of  collective 
attributes  of  the  pool  sampling  universe  include  total  area  of  all  pools,  total  number  of 
fish  in  all  pools,  and  mean  number  of  fish  per  pool. 


Associated  with  each  of  the  possible  distinct  samples  of  size  n  units  that  can  be  drawn 
from  a  sampling  universe  of^size  N  units,  there  is  an  associated  probability  of  drawing 
that  sample.  This  probability  will  depend  on  the  selection  method  used  to  draw  the 
sample.  In  the  simplest  case,  a  sample  is  drawn  by  simple  random  sampling  (SRS);  by 
this  selection  method  no  unit  can  appear  more  than  once  in  the  sample  (a  wlthout- 
replacement  method),  and  all  possible  samples  are  equally  likely. 


Unit  number: 

Sampling  universe 

- 

1 

2 

3 

4 

Fish/unit: 

2 

5 

7 

14 

Mean  number  of  fish/unit  = 

=  7=  IX 

Possible 

Units  in 

Sample 

Sample  mean 

sample 

sample 

values 

(Yt) 

(y.-f^)" 

1 

1,2 

2,5 

3.5 

12.25 

2 

1,3 

2,7 

4.5 

6.25 

3 

1,4 

2,14 

8.0 

1.00 

4 

2,3 

5,7 

6.0 

1.00 

5 

2,4 

5,14 

9.5 

6.25 

6 

3,4 

7,14 

10.5 

12.25 

Totals 

42.0 

39.00 

Example  1. — Simple  random  sampling  (SRS).  Possible  samples  of 
size  2  selected  from  a  sampling  universe  of  size  4;  units  in  samples; 
unit  values  in  samples;  sample  means;  and  squared  deviations  of 
sample  means  from  true  mean,  (y,  -  ix)^. 


Example  1  quantitatively  illustrates  the  concepts  of  expected  value  and  variance  when 
samples  of  size  n  =  2  pools  are  drawn  from  a  sampling  universe  of  size  N  =  4  pools 
by  SRS.  The  universe  attribute  of  interest  is  the  mean  number  of  fish  per  pool  (|x  =  7). 
There  are  six  possible  simple  random  samples  and  each  has  probability  of  one-sixth. 
The  expected  value  of  an  estimator  is  denoted  by  E(B),  where  B  is  the  quantity  or 
attribute  of  interest,  and  the  "carat"  or  "hat"  (over  0)  indicates  an  estimator  of  9. 
Expected  value  is  calculated  as: 


E(e)  =  S  Gt  P, 
t=1 


where:  T  -- 

e, 

P, 


total  number  of  possible  samples;  t  ==  1,  2,  .  .  .  ,  T; 
=  the  particular  estimate  of  f)  generated  from  the  t"^  sample;  and 
probability  of  selecting  the  t'^  sample. 


In  example  1 ,  the  estimator  of  the  true  mean  number  of  fish  per  pool  is  denoted  (as  a 
notational  convention)  by  y,  rather  than  jl,  and  allows  estimation  of  jx  from  a  sample 
(here  of  size  n  =  2  pools): 


y  =  S  y,/n  ; 
i  =  1 


where  y,  =  the  number  of  fish  in  pool  i,  and  the  summation  is  over  those  units  that 
appear  in  a  sample. 


SRS  is  often  used  because  it  results  in  unbiased  estimators.  An  unbiased  estimator  is 
an  estimator  such  that  E(())  -  ();  that  is,  the  average  value  of  all  possible  estimates  is 
the  true  value  of  interest.  In  example  1  : 

T  6  6 

E(y)  =  i:  y,P,  =  ^.  y,(1/6)  =   (1/6)  i:  y,  =  (1'6)-42  =  7  =   ^l. 
t=1  t=1  t=1 

The  variance  of  an  estimator,  O,  of  a  true  quantity,  (),  is  denoted  by  V(())  and  is 
calculated  as: 

T 
V(B)  =  X  [6,  -  E{())f  P,  ■ 
t=1 

Mean  square  error  of  an  estimator  ()  is  denoted  by  MSE  (())  and  is  calculated  as: 

T 

MSE(e)  -  s  (6,  -  ef  p,  =  v(f))  +  [BiAS(n)]2 . 
t  =  1 

For  an  unbiased  estimator,  E(B)  =  0,sothatV(B)  =  MSE(O).  For  a  biased  estimator, 
E(8)  =  O  and  BIAS(6)  =  E(0)  -  B  (which  may  be  positive  or  negative).  Thus,  the 
accuracyof  a  biased  estimator  must  be  measured  by  MSE(B):  accuracy  of  an  unbiased 
estimator  can  be  measured  simply  by  V(B). 

In  example  1 ,  the  variance  of  y  can  be  calculated  as: 

T  T 

V(y)  -  2  [yt  -  E(y)f  P,  =  ^  (y^ .  ^)2  p^ 
t=1  t=1 

6 
=  1  (y, -7)2(1/6)  =  (1/6)-39  =  6.5. 
t=1 

MSE(y)  would  be  the  same  as  V(y)  for  example  1  because  E(y)  =  |jl  . 

tratification  and  In  many  cases,  the  precision  of  estimators  can  be  improved  by  stratification.  Stratifica- 

lelative  Efficiency  tjon  consists  of  breaking  a  sampling  universe  into  two  or  more  groups  of  units  (strata) 

and  then  drawing  independent  samples  from  each  stratum.  The  objective  of  stratifica- 
tion is  to  group  similar  units  in  their  own  stratum  so  that  variation  within  constructed 
strata  is  small  compared  to^ variation  between  strata.  For  example,  if  units  were  riffles 
and  pools  in  a  stream,  then  it  would  make  sense  to  separate  units  into  habitat  type  strata 
and  to  draw  independent  samples  from  within  each  habitat  type  stratum.  This  stratifica- 
tion would  be  effective  because  densities  of  fish  would  usually  be  different  in  pools  than 
in  riffles.  Variation  of  densities  of  fish  (on  a  per  unit  area  or  volume  basis)  would  be 
I  smaller  within  the  pool  and  riffle  strata  than  variation  in  densities  of  fish  between  pools 

and  riffles. 


Stratum  1 

Stratum  II 

Units  in  stratum: 

1 

2 

3,4 

Fish/unit: 

2 

5 

7,14 

Possible 

Sample 

Sample 

Sample  Mean 

sample 

units 

values 

(y.) 

(y,  -  ^^)' 

1 

1,3 

2,7 

4.5 

6.25 

2 

1,4 

2,14 

8.0 

1.00 

3 

2,3 

5,7 

6.0 

1.00 

4 

2,4 

5,14 

9.5 

6.25 

Totals 

28.0 

14.50 

Example  2. — Stratified  random  sampling.  One  possible  stratification 
of  the  sampling  universe  presented  in  example  1 .  Possible  stratified 
random  samples  of  size  2  (1  unit  selected  from  each  stratum);  units 
in  samples;  unit  values  in  samples;  sample  means;  and  squared 
deviations  of  sample  means  from  the  true  mean,  (y,  -  fi)^. 


Example  2  shows  one  possible  stratification  of  the  sampling  universe  presented  in 
example  1 .  Two  strata  have  been  formed:  stratum  I  contains  the  two  pools  that  have 
fewer  fish;  stratum  II  contains  the  two  pools  that  have  more  fish.  If  one  were  to  draw  a 
single  pool  from  each  of  the  two  strata,  and  then  estimate  the  mean  number  of  fish  per 
pool,  one  would  be  using  stratified  random  sampling.  Stratified  random  sampling  thus 
involves  selection  of  units  by  simple  random  sampling  within  each  constructed  stratum. 
In  contrast,  in  SRS  (without  stratification)  units  are  selected  by  simple  random  sampling 
from  all  of  the  units  in  the  sampling  universe. 

When  the  number  of  units  within  each  stratum  is  the  same  (stratum  sizes  are  equal),  the 
stratified  estimator  for  the  mean  number  of  fish  per  pool  is  the  same  as  that  for  SRS 
(without  stratification): 

n 

yst  =  -  y,/n . 

i  =  1 


The  nature  of  the  selection  method  has  reduced,  however,  the  number  of  possible 
samples  that  could  be  drawn  and  eliminated  the  possibility  of  drawing  samples  that 
contained  the  units  (1 ,  2),  or  (3,4).  These  samples  made  the  largest  contribution  to 
variance  in  example  1 .  In  example  2,  there  are  only  four  possible  distinct  samples;  each 
sample  is  equally  likely  and  has  probability  of  one-fourth.  The  expected  value  of  the 
stratified  estimator  is  also  unbiased: 


J 


E(ys,) 


=  Sy,P,  =  Sy,(1/4)  =  (1/4)-28 
t=1  t=1 


7  = 


And  the  variance  of  the  stratified  estimator  is  substantially  less  than  for  SRS  (without 
stratification): 


V(ys 


=  V  [y,  -  E(y3,)]2  P, 
t=1 


=  ^  (y.  -  ^^)'  P, 
t  =  1 


=  S(y,-7)2-(i/4) 
t  =  1 


(1/4)-14.50  =  3.625 


As  example  3  illustrates,  a  poor  statification  can  lead  to  a  less  precise  estimator  than 
SRS  (without  stratification).  In  example  3,  the  stratified  estimator  is  again  unbiased,  but 
V(yst)  =  11 .75  >  V(ys,s)  =  6.50.  The  stratification  in  example  3  performed  poorly 
because  the  most  dissimilar  units  (that  had  2  and  14  fish)  were  grouped  in  the  same 
stratum.  There  is  thus  no  assurance  that  stratification  will  improve  the  precision  of 
estimators.  Stratified  random  sampling  will  be  more  precise  than  SRS  when  the  average 
variation  within  strata  is  less  than  the  average  variation  between  strata. 


Stratum  1 

Stratum  II 

Units  in  stratum: 

1, 

4 

2,3 

Fish/unit: 

2, 

14 

5,7 

Possible 

Sample 

Sample 

Sample  Mean 

sample 

units 

values 

(y.) 

(y,  -  \^f 

1 

1,2 

2,5 

3.5 

12.25 

2 

1,3 

2,7 

4.5 

6.25 

3 

4,2 

14,5 

9.5 

6.25 

4 

4,3 

14,7 

10.5 

12.25 

Totals 

28.0 

37.00 

4 

E(ys,) 

=  Sy, 
t-1 

4 

P,  = 

(1/4)-28  = 

7  =  fx 

v(ys,) 

=  S(y, 
t=1 

-\^) 

'P,  =  (1/4) 

37.00  =  9.25 

Example  3. — An  alternative  stratification  of  the  sampling  universe 
presented  in  example  1 .  Possible  stratified  random  samples  of  size 
2  (1  unit  selected  from  each  stratum);  units  in  samples;  unit  values 
in  samples;  sample  means;  squared  deviations  of  sample  means 
from  the  true  mean,  (y,  -  ii.f;  expected  value  (E(ys,))  and  variance 
(V(y^)  of  sample  mean. 


Multistage 
Sampling  Designs 


To  compare  the  performances  of  alternative  methods  of  selecting  samples  and 
estimating  quantities  of  interest  (alternative  sampling  designs),  sampling  theorists 
have  devised  a  number  of  measures,  one  of  which  is  relative  efficiency  (RE).  For  a 
fixed  sample  size,  n,  the  relative  efficiency  of  sampling  design  b  compared  to  sampling 
design  a  is  defined  as: 

RE(b/a)  =  V3(0)/Vb(e)  ; 

where  the  subscripts  denote  designs  a  or  b.  The  relative  efficiency  of  the  stratification 
design  in  example  2  compared  to  SRS  without  stratification  (example  1)  was  about 
1.79  (6.50/3.625);  the  stratification  design  used  in  example  3  compared  to  example  1 
resultedinarelativeefficiencyof  only  0.70  (6.50/9.25).  Thus,  the  stratification  used  in 
example  2  was  almost  twice  as  efficient  as  SRS  (example  1 ),  whereas  the  stratification 
used  in  example  3  was  only  about  two-thirds  as  efficient  as  SRS.  The  stratification 
used  in  example  2  was  more  efficient  than  SRS  in  the  sense  that,  for  the  same 
sample  size  and  the  same  amount  of  sample  information,  an  estimator  of  nearly 
twice  the  precision  was  obtained. 

In  the  simple  examples  provided  above,  it  was  implicitly  assumed  that  after  a  pool  (unit) 
was  selected,  the  number  of  fish  in  that  pool  could  be  counted  without  error.  This 
assumption  normally  cannot  be  met  when  sampling  small  streams.  Instead,  within  each 
selected  unit  some  population  estimator  must  be  used  to  estimate  the  number  of  fish 
present.  Thus,  estimation  of  the  total  number  of  fish  in  a  small  stream  requires  (at  least) 
two-stage  sampling.  Units  are  selected  in  the  first  stage,  and  fish  numbers  within 
selected  units  are  estimated  in  the  second  stage.  Two-stage  sampling  designs  are  the 
simplest  kinds  of  multistage  sampling  designs.  Estimation  of  the  total  number  of  fish  in 
a  moderate-sized  or  large  stream  might  require  three  stages  of  sampling:  first  stage — 
selection  of  several  long  (10,000  m)  sections  of  stream;  second  stage — selection  of 
several  short  (100  m)  sections  within  each  long  section  selected  at  the  first  stage;  and 
third  stage — use  of  mark-recapture  or  removal  method  population  estimators  within 
each  short  section  selected  at  the  second  stage.  Errors  of  estimation  arise  at  each  stage 
of  sampling,  and  the  mathematical  complexity  of  estimators  increases  with  the  number 
of  stages. 

This  report  contrasts  the  performances  of  four  alternative  two-stage  sampling  designs 
that  could  be  used  to  estimate  the  total  number  of  fish  in  small  streams.  Although  three 
stages  of  sampling  may  be  required  for  moderate-sized  streams,  restriction  to  just  two 
stages  of  sampling  will  minimize  mathematical  complexity  and  will  allow  for  a  sound 
conceptual  understanding  of  multistage  sampling.  Two  stages  of  sampling  may  be 
entirely  adequate  for  most  small  streams,  or  for  substantial  reaches  of  larger  streams 
when  interest  lies  solely  within  those  reaches. 


Traditional  Two-Stage 
Sampling  Design 


The  traditional  approach  to  estimating  the  total  number  of  fish  in  small  streams  illustrates 
the  simplest  type  of  two-stage  sampling  design.  The  total  length  of  a  stream  is  first 
divided  into  N  sections  of  equal  length,  and  a  simple  random  sample  of  n  sections  is 
selected.  Then,  within  each  selected  section  (primary  unit),  some  population  estimator 
is  used  to  estimate  the  number  of  fish  present  (the  primary  unit  total)  and  to  determine 
an  estimated  vanance  for  this  estimated  total.  Errors  of  estimation  in  this  design  arise 
from  two  sources:  (1)  extrapolation  from  the  few  primary  units  that  are  sampled  to  the 
entire  stream  length;  and  (2)  errors  of  estimation  of  primary  unit  totals.  The  first  source 


I 


of  error  is  measured  by  the  average  variation  among  (estimated)  primary  unit  totals  and 
is  termed  first-stage  variance;  the  second  source  of  error  is  measured  through 
(estimated)  variances  of  estimated  primary  unii  totals  (based  on  population  estimator 
formulas)  and  is  termed  second-stage  variance. 

Formulas  appropriate  when  using  this  traditional  design,  termed  a  two-stage  design  with 
equal-sized  primary  units,  are  (Bohlin  1981;  Cochran  1977,  p.  300-303): 

Y    =  -iY,  ;  (1) 


N 

S(Y  -  Y)^  N 

N  (N-n)  ^    '       '         N 
V(Y)  =  ^LL^  -^^^^^  +  ^  i  V(Y,)  ;  and  (2) 


n 

S(Y  -  Y)^  n 

^  iNjjNiL!  +  !}!  V  v(Y,)  ;  (3) 

^    '  n  (n-1)  n         ^    "  ^   ' 

N  -       n 

where:    Y  =  SY,/N,  and  Y  =  SY/n. 

The  first  term  in  equation  (2)  measures  first-stage  error  (variance);  the  second  term 
measures  second-stage  error  (variance).  Equation  (2)  gives  the  true  variance  of  the 
sampling  distribution  for  Y  and  has  a  single,  unique  value.  In  contrast,  equation  (3)  is  an 
estimator  for  V(Y)  that  can  take  on  many  possible  sample-based  values  depending  on 
the  particular  samples  that  are  selected. 

A  simple  numerical  example  will  help  illustrate  the  nature  of  sample-based  calculations 
for  this  traditional  design.  Suppose  that  a  small  tributary  stream  is  sampled  and  that  it 
has  a  total  length  of  10,000  m.  Five  100-m  sections  are  selected  by  SRS;  within  each 
selected  section  the  two-pass  Seber-Le  Cren  removal  method  estimator  (based  on 
electrofishing;  see  Everhart  and  Youngs  1981,  p.  107;  appendix  3)  is  used  to  estimate 
thenumberof  fish  present.  Thus,  N  =  10,000/100  =  100,  and  n  -^  5.  Suppose  that  the 
following  estimates  are  obtained  for  the  sample  sections: 


Section  number 

Population  estimate  (YJ 
150 

Estimated  variance  (V(Y|)) 

1 

420 

2 

350 

980 

3 

550 

1,540 

4 

200 

560 

5 

250 

700 

Totals  1 ,500  4,200 

Estimated  variances  are  consistent  with  a  fairly  low  electrofishing  capture  probability  of 
0.50.  The  estimated  total  number  of  fish  in  the  stream  would  be: 

Y    =  -  SY|  =  ^-^  1 ,500  -  30,000  . 
n       '         5 


The  estimated  variance  of  tliis  estimated  total  would  be  calculated  using  equation  (3): 


n 

-   -         N  (N-n)  ^   '       '        N      -   - 

V(Y)  =  'lAllIL!  +  "^  V  v(Y,) 
n           (n-1)  n  ' 


_  100  (100-5) -(^'-^QQ^'       100 
5  (5-1)  5 

=  4.75  X  10^  +  0.0084  x  10^  =  4.758  x  10^  . 

Assuming  normality  of  the  sampling  distribution  for  Y,  the  95-percent  confidence  interval 
for  the  total  number  of  fish  in  the  stream  would  be  constructed  as: 

This  would  give  30,000  ±  2.78-6,898,  or  30,000  ±  19,176.  This  is  hardly  a  satisfactory 
confidence  interval  for  most  purposes,  but  it  is  based  on  having  sampled  only  5  percent 
of  the  total  stream  length. 

The  important  thing  here  is  that  virtually  all  the  estimated  variance  arises  from 
variation  among  estimated  primary  unit  totals  (the  first  term  in  equation  (3)).  The 
contribution  from  the  second  term  is  negligible,  even  though  electrofishing  capture 
probability  is  poor  and  equals  0.50.  Had  fish  in  each  primary  unit  been  enumerated 
rather  than  estimated,  there  would  have  been  no  variance  contribution  from  the  second 
stage  of  sampling.  Estimated  variance  of  the  estimated  total  would  have  been  little 
affected  in  this  case.  The  contribution  from  the  first  term  in  equation  (3)  would  remain 
exactly  as  it  is  (assuming  that  estimated  primary  unit  totals  were  equal  to  the  true 
primary  unit  totals). 

This  simple  example  illustrates  that  errors  of  extrapolation  are  likely  to  be  far  greater 
than  errors  of  estimation  within  selected  stream  sections.  This  fact  has  been  generally 
unappreciated  by  fishery  biologists  who  have  been  preoccupied  with  electrofishing 
capture  probability,  or  with  violations  of  mark-recapture  assumptions  (second-stage 
considerations).  The  importance  of  the  sampling  design  itself,  as  it  influences  the 
magnitude  of  first-stage  variance,  has  been  largely  ignored. 

The  traditional  two-stage  design  with  equal-sized  primary  units  has  at  least  the  following 
biological  and  statistical  flaws: 

1.  Selected  stream  sections,  when  of  equal  length,  will  inevitably  include  mixtures  of 
habitat  types. 

2.  Placement  of  block  nets  to  delimit  stream  sections  may  displace  fish  from  the  section 
to  be  sampled.  One  may  often  be  estimating  the  number  of  fish  remaining  in  the 
section,  rather  than  the  original  number  present. 

3.  One  or  both  "ends"  of  selected  sections  may  fall  midway  in  a  deep  pool  where  it  may 
be  impossible  to  set  block  nets.  If  stream  sections  were  expanded  in  length,  or  moved 
upstream  or  downstream,  in  response  to  this  dilemma,  a  purposive  decision  would 
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have  been  made.  This  would  destroy  both  the  intent  and  the  statistical  validity  of  the 
sampling  design  itself. 

The  traditional  two-stage  sampling  design  generates  large  first-stage  variance  and 
offers  only  one  way  to  reduce  variance  of  an  estimated  total.  The  number  of  sampled 
sections  must  be  increased  to  reduce  estimator  variance,  which  will  significantly 
increase  the  total  cost  of  obtaining  estimates. 


Alternative 
Fwo-Stage 
sampling  Designs 


The  large  variation  among  primary  unit  totals  in  the  traditional  two-stage  design  results 
because  sections,  while  of  equal  length,  are  usually  not  of  equal  habitat  quality.  One 
section  may  include  primarily  riffle  habitat,  whereas  another  section  may  include 
primarily  pool  habitat.  The  total  number  of  fish  per  primary  unit  is  thus  a  highly  variable 
and  unstable  quantity  across  units  because  densities  of  fish  per  unit  area  (or  per  unit 
volume)  vary  considerably  among  habitat  types.  This  makes  the  squared  differences 
between  Y,  and  Y  large  (the  first  term  in  equation  (2)). 


Stratification  can  be  effectively  used  to  help  reduce  first-stage  variance.  If  a  stream  were 
mapped  into  habitat  units  (entire  pools,  entire  riffles)  and  units  stratified  by  habitat  type, 
then  samples  could  be  drawn  independently  from  each  habitat  type  stratum.  Variation 
among  the  mean  number  of  fish  per  unit  area  (or  per  unit  volume)  should  be  much 
smaller  within  each  habitat  stratum  than  variation  in  mean  densities  of  fish  between 
habitat  strata.  Given  estimates  of  the  total  number  of  fish  within  each  stratum  (Y^),  an 
estimate  for  the  total  number  of  fish  in  the  entire  stream  can  be  calculated  simply  by 
summing  stratum-specific  estimates  across  all  strata: 


L 
Y  =  S  Y,; 
h  =  1 


h  =  1,  2, 


An  estimate  for  the  variance  of  Y  can  be  calculated  by  summing  stratum-specific 
variance  estimates  across  all  strata: 


V(Y) 


L 
=  i  V(YJ 
h-1 


Simple  addition  of  stratum-specific  estimates  is  justified  by  the  independence  of 
sampling  in  strata. 


If  stratification  is  used,  however,  then  habitat  units  within  each  habitat  stratum  will  not 
be  contiguous  (for  example,  a  riffle  or  run  would  separate  two  pools  within  the  pool 
stratum).  Also,  the  habitat  units  themselves,  which  are  intuitively  appealing  primary 
units,  will  be  of  variable  sizes.  If  the  sizes  of  natural  habitat  units  are  allowed  to  dictate 
the  sizes  of  the  primary  sampling  units,  then  primary  units  will  be  of  unequal  sizes  (in 
contrast  to  the  traditional  two-stage  design)  and  the  complexity  of  appropriate  sampling 
designs  will  be  increased.  But,  allowing  primary  units  to  vary  in  size  according  to  the 
sizes  of  the  natural  habitat  units  has  at  least  the  following  advantages: 

1.  Habitat  types  will  not  be  mixed  among  or  within  sampled  primary  units  because  of 
stratification  and  because  the  natural  habitat  units  are  equivalent  to  the  primary 
sampling  units 

2.  Placement  of  block  nets  to  delimit  primary  units  will  be  less  likely  to  displace  fish  from 
primary  units  because  fish  will  tend  to  seek  shelter  within  their  natural  habitat  units. 


3.  Estimated  numbers  of  fish  in  sampled  habitat  units  can  be  related  to  the  sizes  and 
types  of  habitat  units. 

4.  Alternative  two-stage  sampling  designs,  based  on  primary  units  of  unequal  sizes,  can 
be  used  to  dramatically  increase  accuracy  of  estimation  of  the  total  number  of  fish. 

The  remainder  of  this  report  is  devoted  to  a  consideration  of  the  costs  and  benefits  of 
three  alternative  two-stage  sampling  designs  that  are  appropriate  when  primary  units 
are  of  unequal  sizes.  It  will  be  assumed  that  a  stream  has  been  mapped  and  that  habitat 
units  have  been  grouped  into  two  or  more  habitat  type  strata.  The  three  alternative 
designs  can  be  independently  applied  within  strata,  and  estimated  stratum  totals 
and  variances  can  be  added  across  strata  to  generate  estimates  for  the  entire  stream. 
Therefore,  it  is  only  necessary  to  consider  application  of  these  alternative  designs  within 
a  particular  stratum;  for  illustrative  purposes,  applications  are  within  the  pool  stratum. 
Alternative  designs  could  be  applied  with  similar  results  in  other  habitat  strata. 

The  three  alternative  two-stage  designs  that  will  be  considered  may  be  classified  by  their 
selection  method  and  by  their  use  (or  lack  of  use)  of  an  auxiliary  variable.  An  auxiliary 
variable  is  an  attribute  of  a  primary  unit  that  can  be  inexpensively  and  easily  measured; 
it  can  be  used  to  improve  precision  of  estimation  of  the  particular  attribute  of  interest  (the 
target  attribute).  For  small  streams,  a  target  attribute  is  the  total  number  of  fish  in  the 
pool  stratum,  and  an  auxiliary  variable  is  pool  size  (area  or  volume).  When  the  numbers 
of  fish  present  in  pools  are  positively  correlated  with  pool  sizes,  use  of  pool  size  as  an 
auxiliary  variable  can  dramatically  improve  precision  of  estimators. 

Two  of  the  alternative  designs  rely  on  selection  of  primary  units  (pools)  by  simple  random 
sampling.  For  one  of  these  designs  (denoted  two-stage  SRS)  no  auxiliary  variable  is 
used;  for  the  other  design  (ratio  estimation)  the  auxiliary  variable  pool  size  (area)  is  used 
to  improve  precision  of  estimators.  For  the  third  design,  the  auxiliary  variable  pool  size 
is  used  to  calculate  the  probability  of  selecting  pools.  This  third  method  is  called 
selection  of  primary  units  with  probabilities  proportional  to  their  size  (PPS).  The  relative 
performances  of  these  three  alternative  designs  wilt  first  be  illustrated  using  simple, 
single-stage  examples  because  most  of  the  errors  of  estimation  come  from  the  first 
stage  of  sampling  (second-stage  error  is  small).  That  is,  fish  numbers  within  pools  will 
initially  be  enumerated  rather  than  estimated  so  that  there  will  be  no  second-stage  error. 
Later,  the  relative  performances  of  the  three  alternative  designs  will  be  contrasted  in  a 
more  realistic,  two-stage  setting. 

Alternative  sampling  designs  will  be  applied  to  the  following  small  sampling  universe  of 
four  pools: 


Pool  number  (i) 

Pool 

size 

(M,) 

Number  of  fish  (Y,) 

1 

2 

4 

2 

3 

36 

3 

5 

44 

4 

10 

116 

Totals 

20 

200 

In  each  case,  samples  of  size  n  =  2  pools  will  be  drawn  from  this  sampling  universe  of 
sizeN  =  4  pools.  The  objective  will  be  to  estimate  the  total  number  of  fish  (Y  =  200)  in 
all  four  pools.  Relevant  collective  attributes  of  this  sampling  universe  include: 
Mo  =  SM,  =  20  (total  size  of  all  pools);  and  R  =  Y/Mq  =  200/20  =  10  (average 
number  of  fish  per  unit  of  pool  size).  "Size"  could  be  area  (m^)  or  volume  (m^). 
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)esign  A:  Two-Stage  SRS    According  to  design  A,  a  sample  is  drawn  from  the  sampling  universe  by  SRS  and  the 

total  number  of  fish  in  all  pools  is  estimated  as: 

'' srs    ~    p   -^  '  I  • 

The  six  possible  SRS  samples,  estimated  totals  for  each  sample  (Y,),  and  squared 
deviations  between  estimated  totals  and  the  true  total  (Y,  -  Y)^  are  as  follows: 


Sample  units 

Y, 

(Y,  -  Y)2 

1,2 

80 

14,400 

1,3 

96 

10,816 

1,4 

240 

1,600 

2,3 

160 

1,600 

2.4 

304 

10,816 

3,4 

320 

14,400 

Totals      1 ,200  53,632 

Each  of  these  samples  is  equally  likely  (because  selection  is  by  SRS),  so  the  expected 
value  of  Ygrs  may  be  calculated  as: 

6 
E(Ysrs)  =  -  Y,  P,  =  (1/6)- 1,200  =  200  -  Y  . 
t=1 

This  design  results  in  an  unbiased  estimator  (E(Ysrs)  =  Y),  so  variance  of  the  estimated 
total  (here  equivalent  to  mean  square  error)  can  be  calculated  as: 

6 

V(Y3J  =  S  (Y,  -  Yf  P,  -  (1/6)53,632  =  8,939  . 
'  t=1 

design  B:  Ratio  For  design  B,  primary  units  are  selected  by  SRS,  but  a  measure  of  the  size  of  selected 

istimation  units  (an  auxiliary  variable)  is  incorporated  into  estimators.  The  total  number  of  fish  in 

all  pools  is  now  estimated  as: 

n     n 
Y,3,  =  Mo  SY,/SM,  =  Mo  R  ; 

n     n 
where  R  =  lY./SM; . 
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Ratio  estimation  has  a  simple  intuitive  basis.  Based  on  the  sample,  one  obtains  an 
estimate  of  the  true  number  of  fish  per  unit  of  pool  size  (R).  An  estimator  for  the  total 
number  of  fish  in  all  pools  would  be  the  total  size  of  all  pools  (Mq)  times  the  estimated 
number  of  fish  per  unit  of  pool  size  (R,  usually  called  the  sample  ratio).  The  six  possible 
SRS  samples,  estimated  sample  ratios  (RJ  and  totals  (Yt),  and  squared  deviations 
between  estimated  totals  and  the  true  total  ((Yt  -  Y)^)  are: 


Sample  units 

8 

Yt 

(Y,  -  Yf 

1,2 

160 

1,600 

1,3 

6.86 

137 

3,951 

1,4 

10 

200 

0 

2,3 

10 

200 

0 

2,4 

11.69 

234 

1,145 

3,4 

10.67 

213 

178 

Totals  1,144  6,874 

The  expected  value  of  the  ratio  estimator  for  the  total  number  of  fish  in  all  four  pools 
would  be: 

6 
E(Y,a,)  =  V  Y^  p^  ^  (1/6)- 1,1 44  =  190.7  ^  200  . 
t  =  1 

Thus,  the  ratio  estimator  is  biased: 

BIAS(Y,a,)  =  E(Y,a,)  -  Y  =  190.7  -  200  =  -9.3  . 

For  that  reason,  the  appropriate  measure  of  accuracy  is  mean  square  error  rather  than 
variance: 

6 
MSE(Y,a,)  =  S(Y, -Y)2p,  =  (1/6)-6,874  =  1,146. 
t=1 

Variance  of  the  ratio  estimator  could  be  calculated  as: 

V(Y,3,)  =  S[Y,  -  E(Y,,,)]2  P,; 

but  it  is  more  easily  calculated  as  the  difference  between  mean  square  error  and 
squared  bias: 

V(Y,3,)  -  MSE(Y,3,)  -  [BIAS(Y,3,)]'  =  1,146  -  (-9.3)^  =  1059.5  . 

Although  the  ratio  estimator  is  slightly  biased,  variance  is  sufficiently  small  so  that  the 
accuracy  of  design  B  is  considerably  greater  than  for  design  A.  This  improvement  comes 
from  use  of  the  auxiliary  variable  pool  size  (M|),  and  from  the  positive  correlation 
between  fish  numbers  and  pool  sizes.  Estimated  totals  (Y^a,)  ranged  from  only  137  to 
234  among  all  samples  (as  compared  to  a  range  of  from  80  -  320  for  design  A),  and 
variance  was  dramatically  reduced  as  a  result.  This  contrast  in  performance  between 
designs  A  and  B  provides  a  clear  example  of  when  a  biased  estimator  might  be  preferred 
over  an  unbiased  estimator. 
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Design  C:  PPS  Without        For  design  C,  primary  units  are  selected  by  PPS  without  replacement.  Although  the 
Replacement  same  possible  samples  result,  by  this  method  of  selection  all  possible  samples  are  not 

equally  likely  (as  they  are  using  SRS  selection).  Larger  pools  are  more  likely  to  be 
included  in  samples  than  are  smaller  pools.  There  are  many  possible  ways  to  select 
samples  by  PPS  without  replacement,  but  all  selection  methods  produce  two  kinds  of 
probability  assignments: 

TT,  =  probability  that  unit  i  is  in  a  sample  of  size  n;  and 
TTy  =  probability  that  units  i  and  j  are  in  a  sample  of  size  n. 
When  PPS  without  replacement  is  used  to  select  samples,  the  total  number  of  fish  in  all 
pools  is  estimated  as: 

n 
Y       =  1  Y/tt 

'  pps  ■^    '  l'  " I  ■ 

For  illustrative  purposes,  PPS  selection  probabilities  will  be  based  on  a  method  in  which 
successive  units  are  selected  with  probabilities  proportional  to  the  sizes  of  the  remaining 
units  (appendix  1  contains  a  summary  of  computations  for  this  method).  First-order 
inclusion  probabilities  (the  7t,'s)  for  the  pool  sampling  universe,  for  samples  of  size 
n  =  2  pools,  are: 


Unit  number 

Size  (Mi) 
2 

■n", 

1 

0.2510 

2 

3 

.3666 

3 

5 

.5718 

4 

10 

.8104 

The  largest  pool  is  more  than  three  times  as  likely  to  be  in  the  sample  (tt4  =  0.8104) 
than  the  smallest  pool  (tti  =  0.2510). 

When  n  =  2,  then  the  second-order  inclusion  probabilities  (the  tt,j's)  are  the  same 
as  the  probabilities  of  individual  samples.  The  six  possible  PPS  without  replacement 
samples,  estimated  total  (Y,),  squared  deviations  between  estimated  totals  and  the  true 
total  ((Y,  -  Y)^),  and  sample  probabilities  (P,  =  -rr,,)  for  the  pool  sampling  universe  are: 

Sample  units  Y,  (Y,  -  Y)^  P,  =  tti. 


1.2  114.20  7,362  0.0343 

1.3  92.89  11,473  .0611 

1.4  159.08  1,675  .1556 

2.3  175.15  617  .0941 

2.4  241.34  1,709  .2382 
3,4  220.09  403  .4167 
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Note  that  SP,  =  1  (as  in  SRS)  and  that  sample  probabilities  vary  and  reflect  sizes  of     f 
pools.  The  expected  value  of  the  PPS  without  replacement  estimator  can  be  calculated 
as: 


E(Ypps)  =  SY,  P,  =  114.200.0343  +  92.890.0611   + 

.  .  +  220.090.4167  =  200.0  -  Y. 


pps/  —    ■  t  "^  t 

t  =  1 


Because  Ypps  is  unbiased,  variance  of  the  estimator  can  be  calculated  as: 


pps 


6 

V 

t=1 


V(Ypp3)  -  S  (Y,  -  Yf  P, 


Determining  the  Best 
Choice  Among 
Alternative  Designs 


=  7,3620.0343  +  11,4730.0611  +  .  .  .  +  403-0.4167  =  1,847. 

Variance  for  the  PPS  without  replacement  estimator  [V(Ypps)  =  1 ,847]  is  substantially 
less  than  for  the  two-stage  SRS  estimator  [V(Ysrs)  =  8,939]  and  the  PPS  estimator  is 
also  unbiased.  But  because  accuracy  of  the  PPS  estimator  is  slightly  less  than  for  the 
ratio  estimator  [MSE(Yrai)  =  1,146],  it  would  be  difficult  to  choose  between  designs  B 
and  C  on  the  basis  of  accuracy  alone. 

The  preceding  applications  of  the  three  alternative  designs  allowed  a  comparison  of  the 
accuracies  and  degrees  of  bias  of  the  three  estimators.  Choice  among  the  alternative 
designs  must  also  include,  however,  a  consideration  of  the  total  costs  of  obtaining 
estimates,  usually  termed  total  survey  costs.  Just  as  one  can  compare  the  relative 
efficiencies  of  alternative  designs,  one  can  also  compare  the  relative  cost  (RC)  of  one 
design  to  another.  The  relative  cost  of  design  b  compared  to  design  a  is  defined  (for  a 
fixed  sample  size,  n)  as: 

RC(b/a)  =  Cb/Ca  ; 

where  Cg  and  C^  are  the  total  survey  costs  for  designs  a  and  b. 

Total  survey  costs  for  estimating  the  total  number  of  fish  in  small  streams  can  be 
separated  into  two  distinct  categories:  (1)  costs  that  are  independent  of  the  particular 
selected  units;  and  (2)  costs  that  directly  depend  on  the  particular  selected  units.  The 
first  category  (fixed  costs)  includes  housing,  per  diem  and  travel  (to  and  from  the  study 
site,  and  between  selected  units),  and  time  spent  setting  up  and  taking  down  block  nets 
if  electrofishing  is  used  in  selected  units.  The  second  category  includes  time  actually 
spent  in  selected  units  to  estimate  fish  numbers. 

The  average  total  size  of  n  units  selected  by  PPS  without  replacement  will  be  greater 
than  the  average  total  size  of  n  units  selected  by  SRS  because  the  PPS  design  assigns 
higher  selection  probabilities  to  larger  units.  Because  it  takes  longer  to  sample  a  large 
pool  than  a  small  pool,  it  will  cost  more  to  sample  the  same  number  of  pools  when  they 
are  selected  by  PPS  (design  C)  than  when  they  are  selected  by  SRS  (designs  A  and  B). 
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For  the  traditional,  equal-sized  primary  unit  design,  total  costs  of  a  stream  survey  are 
probably  roughly  split  in  half  between  the  two  cost  categories.  It  seems  reasonable  to 
assume  that  this  would  also  be  the  case  if  unequal-sized  primary  units  were  selected  by 
SRS.  This  assumption  leads  to  a  simple  cost  function  of  the  form: 

Csrs    =    0-5  Csrs    +    «  Xg^g  ; 

where:  X^^s  =  expected  (average)  total  size  of  n  units  selected  by  SRS;  and 
a  =  cost  per  unit  of  size,  such  that  a  Xg^g  =  0.5  Cgrg. 

A  comparable  cost  function  for  the  PPS  design  would  be: 

Cpps  =  0-5  Cgrs  +  a  Xpps  ; 

where  Xppg  =  expected  (average)  total  size  of  n  units  selected  by  PPS  without 
replacement. 

The  expected  (average)  total  size  of  n  units  selected  by  SRS  is: 

N 
Xg,g  =  n  VM,/N  ; 

whereas  that  for  n  units  selected  by  PPS  without  replacement  is: 

N 

Xpps    =    -MiTT|  . 

Expected  total  sizes  of  selected  units  are  used  for  comparisons  because  they  reflect  the 
overall  average  behavior  of  the  design.  Actual  total  sizes  of  selected  units  would  depend 
on  the  particular  samples  selected. 

The  RC  of  the  PPS  design  (design  C)  compared  to  the  SRS  designs  (A  and  B)  can  be 
determined  by  normalizing  the  total  cost  of  the  SRS  designs.  That  is,  let  Cgrg  =-  1 .  Then, 
a.  =  0.5/Xsrs  and  the  expected  total  cost  of  the  PPS  design  would  be  Cppg  ^  0.5 
+  aXppg.  RC(PPS/SRS)  would  then  equal  Cppg/Cgrg.  This  procedure  can  be  illustrated 
using  the  same  small  sampling  universe  of  four  pools.  The  expected  total  size  of  two  of 
these  four  units  selected  by  SRS  was  Xg^g  =  n  SM,/N  =  2-20/4  -  10;  so  that  a  = 
0.5/10  =  0.05.  The  expected  total  size  of  two  units  selected  by  PPS  without  replace- 
ment was: 


Xpps  =  S  M,TT,  =  20. 2510  +  30.3666  +  50.571 8  +  100.81 04  =  12.5648  . 

The  expected  total  cost  of -the  PPS  design  was: 

Cpps  =  0.5  +  0.05-12.5648  =  1.128; 

and  RC(PPS/SRS)  =  Cppg/Cgrg  =  1.128/1  =  1.128  =  Cppg.  Thus,  normalizing  total 
survey  costs  made  Cppg  =  RC(PPS/SRS). 
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Finally,  net  relative  efficiency  (NRE)  is  a  measure  of  the  cost-effectiveness  of 
alternative  designs  and  is  defined  (for  a  fixed  sample  size,  n)  as: 

NRE(b/a)  =  RE(b/a)/RC(b/a)  =  Va(e)Ca/Vb(e)Cb  . 

For  the  small  sampling  universe  used  for  examples,  the  net  relative  efficiency  of  ratio 
estimation  as  compared  to  the  two-stage  SRS  design  is  equivalent  to  the  relative 
efficiency  because  total  survey  costs  are  the  same.  The  net  relative  efficiency  of  the 
PPS  design  compared  to  the  SRS  design,  however,  would  be  NRE(PPS/SRS)  = 
8939-1/1 847-1 .1 28  =  4.29;  and  the  net  relative  efficiency  of  the  PPS  design  compared 
to  the  ratio  estimation  design  would  be  NRE(PPS/ratio)  =  1059-1/1847-1.128  = 
0.508 .  Thus,  in  this  case,  the  PPS  design  was  about  four  times  as  cost-effective  as  the 
two-stage  SRS  design,  but  only  about  half  as  cost-effective  as  the  ratio  estimation 
design.  Choice  of  sampling  design  should  be  based  on  net  relative  efficiency  because 
it  balances  possible  improvements  in  efficiency  (that  is,  reductions  in  variance  or  mean 
square  error)  against  possible  increases  in  total  survey  costs.  On  the  basis  of  net  relative 
efficiency,  the  ratio  estimation  design  would  be  the  design  of  choice  for  the  small 
sampling  universe  of  four  pools  (but  see  "Discussion"). 

Realistic  Applications  The  three  alternative  two-stage  sampling  designs  were  applied  in  their  full  two-stage 

forms  to  a  realistic,  large  sampling  universe  (N  =  50)  constructed  on  the  basis  of  data 
collected  from  Knowles  Creek,  a  small-stream  tributary  to  the  Siuslaw  River  in  Oregon. 
A  two-pass  electrofishing/removal  method  estimator  was  assumed  to  have  been  used 
to  estimate  the  number  of  fish  in  selected  primary  units  and  electrofishing  capture 
probability  was  set  to  0.50.  Relevant  formulas  for  the  full  two-stage  designs  are 
presented  in  appendix  2,  and  details  of  their  application  are  presented  in  appendix  3. 

Figure  2  shows  a  plot  of  the  number  of  fish  (yearling  coho  salmon,  Oncorhynchus 
kisutch)  in  Knowles  Creek  pools  against  the  sizes  (areas,  in  m^)  of  pools.  Although  there 
is  a  substantial  amount  of  variation  in  fish  numbers  for  a  given  pool  size,  there  is  a 
significant  increasing  trend  of  fish  numbers  with  pool  size.  Pool  size  accounts  for  roughly 
50  percent  of  the  variation  in  fish  numbers  (R^  =  0.58  for  a  linear  regression  of  fish 
number  against  pool  size). 

Figure  3  shows  sampling  variances  (or  mean  square  error)  for  two-stage  SRS,  ratio 
estimation,  and  PPS  without  replacement  sampling  designs  as  a  function  of  sample 
size.  Sampling  variances  of  alternative  designs  follow  a  consistent  pattern  over  all 
sample  sizes:  variance  of  the  SRS  design  is  greatest;  that  of  ratio  estimation  is 
noticeably  less  and  is,  essentially,  a  constant  fraction  of  variance  for  the  SRS  design; 
and  variance  of  the  PPS  design  is  substantially  less  than  for  ratio  estimation.  The 
magnitude  of  variance  for  the  PPS  design,  compared  to  the  other  designs,  generally 
improves  with  sample  size. 
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Figure  2. — Total  number  of  fish  plotted  against  pool  size  for  tfie 
sampling  universe  used  for  realistic  applications  of  alternative 
two-stage  sampling  designs.  Based  on  data  collected  from  Knowles 
Creek,  Oregon,  by  tfie  USDA  Forest  Service 
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Figure  3. — Sampling  variances  (Y(Y))  for  two-stage  SRS  (SRS), 
ratio  estimation  (RATIO)  and  PPS  without  replacement  (PPSWOR) 
sampling  designs  plotted  against  sample  size  for  the  Knowles  Creek 
sampling  universe  Values  plotted  for  the  ratio  estimation  design  are 
actually  f^SE(Y)  because  the  design  is  biased. 
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Figure  4, — Net  relative  efficiencies  of  PPS  withiout  replacement 
(PPSWOR)  and  ratio  estimation  (RATIO)  designs  (as  compared  to 
the  two-stage  SRS  design)  plotted  against  sample  size  for  the 
Knowles  Creek  sampling  universe. 


Figure  4  shows  the  net  relative  efficiencies  of  the  ratio  estimation  and  PPS  designs 
compared  to  the  SRS  design  as  a  function  of  sample  size.  Net  relative  efficiency  of  ratio 
estimation  is  about  2.7  and  is  essentially  independent  of  sample  size  (for  n  <  40).  For 
the  PPS  design,  net  relative  efficiency  increases  with  sample  size  until  it  exceeds  1 2 
when  n  =  35.  Based  on  the  criterion  of  cost-effectiveness,  both  ratio  estimation  and 
PPS  without  replacement  offer  substantial  improvements  over  the  SRS  design. 
Depending  on  sample  size,  the  PPS  without  replacement  design  could  be  more  than  1 0 
times  as  cost-effective  as  the  SRS  design. 
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Figure  5. — First-  and  second-stage  sampling  variances  for  the 
two-stage  SRS  (SRS)  and  PPS  without  replacement  (PPSWOR) 
designs  plotted  against  sample  size  for  the  Knowles  Creek 
sampling  universe. 


Figure  5  shows  that  the  striking  performance  of  the  PPS  design  was  achieved  entirely 
through  dramatic  and  rapid  reduction  of  first-stage  variance  with  increasing  sample  size. 
First-stage  variance  was  almost  always  at  least  an  order  of  magnitude  larger  than 
second-stage  variance  for  the  SRS  design.  In  contrast,  first-stage  variance  rapidly 
decreased  for  the  PPS  design  until  (for  n  .^  25)  it  was  actually  less  than  second-stage 
variance.  The  PPS  design  effectively  addressed  the  usually  large  first-stage  variance 
problem  that  is  associated  with  the  traditional  two-stage  design  having  equal-sized 
primary  units. 
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Discussion  The  simple  single-stage  examples  and  the  more  realistic  two-stage  examples  presented 

here  illustrate  the  importance  of  sampling  design  in  determining  errors  of  estimation  of 
the  total  number  of  fish  in  small  streams.  Although  fishery  biologists  have  paid  a  great 
deal  of  attention  to  errors  of  estimation  within  selected  sample  sections  (second-stage 
variance),  they  have  not  devoted  much  attention  to  errors  of  extrapolation  from  the  small 
number  of  sections  sampled  to  an  entire  stream  (first-stage  variance).  Most  fishery 
biologists  receive  extensive  training  in  population  estimation  and  this  training  can  be 
used  to  help  reduce  second-stage  variance.  Reduction  of  first-stage  variance  requires 
knowledge  of  sampling  theory,  however,  and  few  fishery  biologists  receive  formal 
training  in  this  area. 

The  traditional  two-stage  sampling  design  with  equal-sized  primary  units  (equal-length 
sections  of  stream  constitute  the  primary  sampling  units)  results  in  large  first-stage 
variance.  Although  primary  units  are  of  equal  size,  they  may  vary  greatly  in  habitat 
quality  and  in  the  number  of  fish  that  they  can  support.  The  only  way  to  reduce  this  large 
first-stage  variance  when  using  the  traditional  design  is  to  increase  the  number  of 
sampled  sections.  This  significantly  increases  total  survey  costs. 

Stratification  of  stream  habitat  into  pools,  riffles,  and  other  habitat  types,  coupled  with 
independent  sampling  in  each  constructed  stratum,  can  help  reduce  first-stage  variance 
by  limiting  variation  in  habitat  quality  among  sampled  sections.  When  stratification  is 
employed,  however,  the  primary  units  become  equivalent  to  the  natural  habitat  units  and 
are  then  of  unequal  sizes.  The  unequal  sizes  of  primary  units  increase  the  complexity 
of  applicable  sampling  designs,  but  also  offer  a  wide  choice  of  alternative  designs.  Of 
three  such  alternative  designs  considered  here,  both  ratio  estimation  and  PPS  without 
replacement  appear  to  have  considerable  promise  for  improving  the  precision  and 
accuracy  of  estimates  of  the  total  number  of  fish  in  small  streams.  Both  designs  take 
advantage  of  the  usually  strong  positive  correlation  between  fish  numbers  and  habitat 
unit  sizes;  greater  numbers  of  fish  are  usually  found  in  large  pools  than  in  small  pools. 

Evaluation  of  the  relative  performances  of  alternative  designs  required  their  application 
to  specific  sampling  universes  and  calculation  of  the  expected  (average)  behavior  of 
estimators.  Because  total  survey  costs  varied  among  designs  (as  a  result  of  primary  unit 
selection  method),  it  was  necessary  to  calculate  total  survey  costs  in  addition  to 
estimator  sampling  variance  (or  mean  square  error)  in  order  to  calculate  a  measure  of 
the  cost-effectiveness  of  alternative  designs.  Choice  of  design  should  be  based  on 
cost-effectiveness  (net  relative  efficiency)  rather  than  on  accuracy  alone. 

The  simple  cost  functions  used  in  this  report  could  be  made  more  realistic  in  two 
respects.  First,  time  spent  electrofishing  a  selected  unit  may  not  be  linearly  related  to 
pool  (or  riffle)  area,  but  may  instead  increase  as  some  power  of  pool  area.  This 
possibility  was  examined  by  Hankin  (1 984)  but  had  little  impact  on  relative  performances 
of  alternative  designs.  Second,  it  may  be  necessary  to  add  an  additional  term  to  cost 
functions  to  account  for  the  different  stream  mapping  requirements  of  the  alternative 
designs.  When  primary  units  are  of  unequal  sizes,  the  three  alternative  sampling 
designs  (as  presented  in  this  report)  all  require  a  map  of  the  locations  of  all  primary  units. 
This  is  necessary  so  that  the  sampling  universe  can  be  specified.  Without  a  specified 
sampling  universe,  it  is  impossible  to  compare  the  expected  performances  of  alternative 
designs.  The  quality  of  maps  required  for  the  different  designs  may  vary  substantially, 
however.  For  the  two-stage  SRS  design,  only  the  location  of  the  primary  units  is  required 
and  there  is  no  need  to  measure  primary  unit  sizes.  In  contrast,  both  ratio  estimation 
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and  PPS  without  replacement  designs  require  some  measure  of  primary  unit  sizes  in 
addition  to  locations.  Increased  mapping  expenses  for  the  ratio  estimation  and  PPS 
designs  would  increase  the  relative  costs  for  these  designs  compared  to  the  SRS 
design.  The  calculations  of  cost-effectiveness  presented  in  this  report  should  therefore 
be  viewed  with  some  skepticism. 

Ratio  estimation  requires  (1)  the  sizes  of  primary  units  that  appear  in  the  sample  of  n 
units,  and  (2)  the  total  size  of  all  primary  units.  In  a  practical  sense,  the  latter  requirement 
means  that  the  sizes  of  all  primary  units  have  to  be  determined.  The  PPS  design 
requires  either  accurate  measurements  of  all  primary  unit  sizes,  or  some  less  accurate 
measurements  of  primary  unit  sizes  that  are  highly  correlated  with  the  true  phmary  unit 
sizes.  For  example,  if  a  reach  of  stream  were  of  fairly  uniform  width,  then  length  of  pool 
would  be  highly  correlated  with  pool  area.  Alternatively,  visual  ("eye")  estimates  of 
primary  unit  sizes  could  be  used  to  assign  PPS  selection  probabilities  if  estimates  were 
highly  correlated  with  the  true  sizes.  The  marginal  cost  of  obtaining  these  simpler 
measurements  of  primary  unit  sizes  would  probably  be  small  compared  to  costs  of 
locating  primary  units  (which  must  be  done  for  all  designs). 

There  is  an  additional  way  to  reduce  mapping  costs  for  both  SRS  and  ratio  estimation 
designs  that  was  not  considered  in  this  report  but  that  has  substantial  merit,  instead  of 
selecting  primary  units  by  SRS,  one  could  instead  select  units  by  systematic  sampling. 
In  systematic  sampling,  one  chooses  a  random  start  from  the  integers  1  through  K,  and 
then  selects  every  K""  unit.  In  the  context  of  a  stream  survey,  1  K  could  be  the  desired 
sampling  intensity  (fraction  of  habitat  units  that  are  sampled).  No  map  is  needed  for 
systematic  sampling.  A  field  crew  could  proceed  upstream  or  downstream  and  pick,  say, 
every  1 0th  pool  (or  riffle)  for  sampling.  When  the  survey  was  complete,  the  total  number 
of  pools  (or  riffles)  would  be  known  and,  if  each  sampled  unit  were  measured,  the  total 
size  of  all  habitat  units  could  be  estimated. 

The  systematic  sampling  approach  would  allow  valid  application  of  the  two-stage  SRS 
design  and  (with  some  minor  modifications)  the  ratio  estimation  design.  The  SRS  design 
would  still  be  unbiased,  but  systematic  sampling  would  rule  out  unbiased  estimation  of 
variance.  For  that  reason,  the  systematic  sampling  approach  was  not  formally  presented 
in  this  report.  Nevertheless,  systematic  sampling  could  prove  practical  and  cost- 
effective.  It  will  rarely  perform  worse  than  SRS,  and  it  will  usually  perform  better. 
Formulas  presented  for  the  two-stage  SRS  design  could  also  be  used  if  units  were 
selected  by  systematic  sampling;  they  would  tend  to  overestimate  the  true  sampling 
variance  and  would  therefore  provide  conservative  estimates  of  sampling  variance. 

In  many  situations,  fishery  biologists  may  not  have  any  preliminary  data  with  which  to 
construct  plausible  sampling  universes  and  thereby  judge  the  probable  performances  of 
alternative  designs  prior  to  field  work.  In  such  instances,  it  seems  most  reasonable  to 
first  sample  using  the  SRS  design  and  then  to  compare  estimated  variances  of  the  SRS 
design  (equation  3,  appendix  2)  with  estimated  mean  square  error  of  the  ratio  estimation 
design  (equation  6,  appendix  2).  Because  the  sample-based  estimator  of  mean  square 
error  for  ratio  estimation  requires  only  measurements  of  those  units  that  are  selected, the 
cost  of  making  this  comparison  would  be  small.  If  sample  sizes  exceeded  about  1 2  (see 
appendix  2;  table  1 ),  then  the  comparison  would  be  valid.  If  it  showed  that  mean  square 
error  for  ratio  estimation  was  far  less  than  for  the  two-stage  SRS  design,  then  it  would 
be  worth  pursuing  the  ratio  estimation  or  PPS  designs  (with  their  increased  mapping 
expenses)  in  future  survey  work.  Use  of  the  PPS  design  without  preliminary  data  is 


23 


Table  1 — Guidelines  for  use,  mapping  needs,  probable  relative  survey  costs 
(compared  to  the  SRS  design),  and  restrictions  and/or  requirements  for  alterna- 
tive two-stage  sampling  designs  with  unequal-sized  primary  units 


Conditions  when 

Total  survey 

Restrictions 

design  should  be 

Mapping 

costs  (for  fixed 

and/or                    i 

Design 

effective 

requirements 

sample  size) 

requirements 

Two-stage 

Weak  correlation 

Location  of 

Base  for  comparison 

Can  be  used  for 

SRS 

between  fish 

all  primary 

of  alternative 

any  size  sam- 

numbers and 

units 

designs 

pling  universe 

primary  unit 

and  any  sample 

sizes  (r  <  0.4) 

size 

Small  range 

Stratification 

Always  use  for 

{<  4-fold)  in 

by  primary 

preliminary 

primary  unit 

unit  sizes 

surveys 

sizes 

may  improve 
performance 

Ratio 

Strong  correlation 

Location  of  all 

Greater:  increased 

Can  be  used  for 

estimation 

between  primary 
unit  sizes  and  fish 
numbers  (r>  0.5) 

primary  units 

mapping  costs 

any  size 

sampling 

universe 

Substantial  range 

Sizes  of  all 

Sample  size 

(>  4-fold)  in 

primary  units 

should  exceed 

primary  unit  sizes 

in  sample 
Total  size  of 
all  units 

12 

PPS  without 

Moderate  correla- 

Location of  all 

Greater:  increased 

Sampling  universe 

replacement 

tion  between  fish 
numbers  and 
primary  unit  sizes 
(r>0.4) 

primary  units 

mapping  costs 

should  be  no 
larger  than 
N  =  SOtolOO 

Substantial  range 

Suitable  mea- 

Average size  of  units 

Computer  required 

(>  4-fold)  in 

sure  of  sizes 

in  sample  will  be 

for  all 

primary  unit  sizes 

of  all  primary 
units;  may 
be  visual 
estimates 

larger  than  for  SRS 

computations 
Biometrician 
should  be 
consulted  prior 
to  use 

definitely  not  recommended.  Table  1  summarizes  those  conditions  under  which 
alternative  designs  should  be  effective,  their  probable  costs,  and  their  requirements 
and/or  restrictions. 

Regardless  of  the  choices  made  among  alternative  sampling  designs,  the  practice  of 
allowing  natural  habitat  units  to  dictate  the  primary  sampling  units  seems  wise. 
Displacement  of  fish  from  sampled  sections  due  to  setting  block  nets,  mixture  of  habitat 
types  within  sampled  sections,  and  the  impossibility  of  placing  block  nets  in  deep  pools 
should  all  be  minimized  or  eliminated.  Analysis  of  estimates  generated  from  distinctive 
habitat  unit  types  of  varying  sizes  can  allow  one  to  draw  important  conclusions  regarding 
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Computation  of  Selection 
Probabilities  for  the 
PPS  Design 


All  PPS  selection  methods  require  calculation  of  (at  least)  the  following  inclusion 
probabilities: 

TTi  =  probability  that  unit  i  is  the  sample  (i  =  1 ,  2,  .  .  .  ,  N);  and 
TTij  =  probability  that  units  i  and  j  are  in  the  sample  (i  4  j). 


When  samples  are  of  size  n  =  2,  then  tt,,  is  equivalent  to  P, ,  where  P,  is  the  probability 
of  drawing  the  t'^  sample  (that  particular  sample  that  contains  the  units  i  and  j).  Inclusion 
probabilities  will  depend  on  three  things:  (1 )  sample  size,  n;  (2)  the  sizes  of  units  in  the 
sampling  universe  (or  some  other  measurement  of  unit  size  that  is  used  to  assign        ■ 
selection  probabilities  to  units);  and  (3)  the  particular  PPS  without  replacement  selection 
method  that  is  used.  Selection  probabilities  for  the  case  of  sampling  n  =  2  from  N  =  4, 
used  for  illustrative  purposes  in  this  report,  were  calculated  using  a  selection  method  by 
which  units  are  selected  with  probabilities  proportional  to  the  sizes  of  the  remaining  units. 


Calculations  for  the  single  stage  example  in  design  C  were  as  follows: 

1.  Calculate  p,  =  M/Mq.  These  are  the  probabilities  that  unit  i  will  be  selected  on  the  first 

N 
draw:  Mq  =  SM,. 

2.  Calculate  p(j|i)  =  p/(1-pi).  These  are  the  conditional  probabilities  of  drawing  the  j"^ 
unit  on  the  second  draw  given  that  unit  i  was  selected  on  the  first  draw.  These 
conditional  probabilities  are  equivalent  to  those  probabilities  that  would  be  calculated 
on  the  basis  of  the  sizes  of  the  remaining  units  at  the  time  of  the  second  draw.  The 
table  below  lists  the  p(j|i)  for  all  possible  orders  of  selection: 

Units  selected 


First  draw  (i)      Second  draw  (j)       Conditional  Probabilities:  pG|i) 


2 
3 
4 
1 
3 
4 
1 
2 
4 
1 
2 
3 


0.1666 
.2777 
.5555 
.1176 
.2941 
.5882 
.1333 
.2000 
.6666 
.2000 
.3000 
.5000 


3.   Calculate  tt,,  =  Pt  =  P,'P(J|i)  +  Pj'  P(i|j)-  The  two  terms  in  this  sum  give  the  prob- 
abilities of  drawing  the  ordered  samples  (i,  j)  and  (j,  i).  That  is,  for  example,  the 
ordered  sample  (2,  3)  would  be  drawn  as: 

A.  Probability  of  drawing  unit  2  on  first  draw  =  P2  =  0.15. 

B.  Probability  of  drawing  unit  3  on  second  draw  given  that  unit  2  was  drawn  on  first 
draw  =  p(3  2)  =  0.2941. 

Thus,  the  probability  of  drawing  unit  2  on  the  first  draw  and  then  unit  3  on  the  second 
draw  would  be:  0.1 50. 2941  =  0.044115.  Similarly,  the  probability  of  drawing  the 
ordered  sample  (3,  2)  would  be:  p3-p(2|3)  =  0.25-0.20  =  0.0500. 


The  probability  of  the  particular  sample  that  contained  the  units  2  and  3,  without  regard 
to  order,  would  then  be  obtained  as  the  sum  of  the  probabilities  of  the  two  possible 
ordered  samples: 

^2,3  =  ^3.2  =  P2-P(3i2)  +  P3-p(2|3) 

-  0.044115  f  0.0500  =  0.094115. 

Analogous  computations  resulted  in  the  figures  presented  for  tt,,  in  the  single-stage 
example  for  the  PPS  without  replacement  design  (page  15). 

Selection  of  primary  units  with  probabilities  proportional  to  the  sizes  of  remaining  units 
is  a  method  that  cannot  be  easily  extended  to  selection  of  large  samples  from  large 
sampling  universes.  In  practice,  the  requirement  that  probabilities  of  all  possible  ordered 
samples  be  calculated  in  order  to  obtain  the  probabilities  for  the  unordered  samples 
rules  out  application  of  this  method  for  any  but  small  samples  (n  -    5)  drawn  from  small 
sampling  universes  (N  «;  25).  The  sheer  magnitude  of  necessary  calculations  quickly 
exceeds  any  reasonable  expectations  for  modern  computers.  For  example,  the  number 
of  ordered  samples  of  size  n  =  1 0  selected  from  a  universe  of  size  N  =  50  is  N!/(N-n)! 
-  3.73  X  10'^. 

For  the  more  realistic  two-stage  applications  of  the  alternative  designs  contrasted  in  this 
report,  selection  of  PPS  samples  was  made  according  to  a  method  developed  by  Chao 
(1982).  This  selection  method  does  not  require  construction  of  all  possible  ordered 
samples  and  it  can  be  readily  extended  to  selection  of  large  sample  sizes  from  large 
sampling  universe.  The  method  does  not  perform  well,  however,  for  very  small  sample 
sizes  (usually  n  ss  3  or  4)  because  some  tt,,  may  be  zero. 

By  using  either  selection  with  probabilities  proportional  to  the  sizes  of  the  remaining 
units  or  Chao's  method,  as  appropriate,  one  can  effectively  use  PPS  without  replace- 
ment designs  for  small-  and  moderate-sized  sampling  universes  (N  ■£  1 00).  When  N 
100,  current  computing  time  and  costs  may  rule  out  use  of  this  design.  Given  the  rates 
of  advancement  in  computer  technology,  however,  methods  such  as  Chao's  will 
probably  be  extendable  to  much  larger  sampling  universes  in  the  near  future.  Additional 
technical  details  concerning  the  above  two  PPS  without  replacement  selection  methods 
can  be  found  in  Hankin  (1984,  appendix  B). 
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Appendix  2 

Two-Stage  Estimators 
for  Alternative  Designs 


When  there  are  two  stages  of  sampling,  primary  units  are  of  unequal  sizes,  and  some 
population  estimator  is  used  to  generate  estimated  primary  unit  totals  (Y,)  and  estimated 
variances  for  the  estimated  totals  (V(Y,)),  the  appropriate  estimators  are  as  follows: 

I 
Design  A. — Two-stage  SRS  (these  are  the  same  as  those  for  the  traditional  design  with 
equal-sized  primary  units): 


N      - 

Y        =   -  V  Y  • 

'  srs  p   -^    '  li 


V(Y3,s) 
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n"  -  ~ 
^  S  V(Y,). 


n  (n-1) 

Design  B. — Ratio  estimation  (see  Cochran  1977,  p.  300-305): 


n      n 
Y,3,  =  Mo  SY,/SM,; 
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n"  -  - 
^  S  V(Y,)  . 


where:  Y,  =  Y,/M,; 


N     N 
?  =  SY./SM,  -  Y/Mo; 

Yi  =  Yi/M,;  and 


--        n      n 


Both  equations  (5)  and  (6)  are  large-sample  approximations  to  mean  square  error  of  Yrat 
and  should  be  used  only  for  n  >  12  (Cochran  1977,  p.  162-164). 
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Design  C— PPS  without  replacement  (see  Raj  1968,  p.  118-119): 

n 

Ypps  =  2Y,/7T,;  (7) 

N-1N  N 

V(Ypp3)  -  S  S  (7t,7t,-7t„)(Y,/t7,-Y/7t,)2  4  i:V(Y,)/Tr,;  and  (8) 

ij>i 

n-ln  n 

V(Ypps)  =  S  S  lUiZpi)  (Y,/^,  -  Y/tt/  +  SV(Y,)/7T,  ;  (9) 

i  j>i 


TTi, 


with  the  restrictions  that: 

N  N-1N 

all  TTij  >  0;  Stti  =  n;  and     S  S  tti,  =  n(n-1))/2. 

i  j>i 

Sumnnations  in  equations  (8)  and  (9)  are  over  all  distinct  pairs  of  primary  units  in  the 
sampling  universe  (equation  (8))  or  in  the  sample  (equation  (9)). 

Equations  (1  )-(3)  and  (7)-(9)  are  formally  unbiased  when  unbiased  estimators  are  used 
at  the  second  stage  of  sampling.  Equations  (4)-(6)  are  biased  and  approximate,  as  is 
always  the  case  for  ratio  estimators.  In  practice,  all  formulas  will  be  only  approximately 
correct  because  there  are  no  existing  population  estimators  (used  at  the  second  stage 
of  sampling)  that  are  unbiased.  The  formulas  can  still  be  used  with  confidence,  however, 
because  second-stage  error  is  usually  small  compared  to  first-stage  error,  and  BIAS(Y|) 
is  usually  minor  for  both  removal  method  and  mark-recapture  population  estimation. 

The  particular  population  estimator  used  at  the  second  stage  of  sampling  is  unspecified 
in  the  above  formulas.  Any  valid  population  estimator  could  be  used  and  formulas  would 
be  unaffected.  The  particular  population  estimator  used  at  the  second  stage  of  sampling 
will  only  affect  the  form  of  the  equations  used  to  calculate  V(Y|)  and  V(Y,). 
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Details  of  the  Realistic 
Application  of  Alternative 
Designs 


Application  of  the  alternative  two-stage  sampling  designs  in  a  realistic  setting  required 
(1)  construction  of  a  realistic  sampling  universe;  (2)  adoption  of  a  particular  population 
estimator  at  the  second  stage  of  sampling;  and  (3)  determination  of  sampling  design 
performance  when  applied  to  that  sampling  universe. 

The  realistic  sampling  universe  was  constructed  on  the  basis  of  sampling  data  collected 
from  Knowles  Creek,  a  tributary  of  the  Siuslaw  River  in  Oregon.  Based  on  electrofishing/ 
removal  method  estimation,  fishery  biologists  of  the  Pacific  Northwest  Research  Station 
provided  estimated  population  sizes  and  pool  sizes  (areas,  in  m^)  for  pools  ranging  in 
size  from  about  4  m^  to  600  m^.  These  data  were  used  to  construct  a  large  sampling 
universe  (N  =  50)  by  assuming  that  estimated  numbers  in  pools  were  exactly  equal  to 
the  numbers  actually  present  in  sampled  pools.  The  correlation  between  fish  numbers 
and  pool  sizes  (r  =  0.76)  is  probably  a  quite  reasonable  figure  to  expect.  In  some  cases 
the  correlation  may  be  larger,  and  in  other  cases  it  may  be  less. 

A  two-pass  electrofishing/removal  method  estimator  was  assumed  used  to  estimate 
population  size  (Y,)  within  sampled  sections.  Letting  C^  =  number  of  fish  caught  on  the 
first  pass;  Cg  =  number  of  fish  caught  on  the  second  pass;  and  q  =  probability  of 
capture,  then  (Sober  1982,  sec.  7.2): 


Yi  =  Ci/(Ci-C2); 
V(Y,)  -  Y,(1-q)2(2-q)q-3;and 
V(Yi)  =  CiC2(C,  +  C2)/(C, -Cs)^ 


(10) 

(11) 
(12) 


Probability  of  capture  was  set  equal  to  0.50,  a  fairly  low  figure,  so  as  not  to  minimize  the 
magnitude  of  second-stage  error. 

Actual  application  of  the  three  alternative  designs  involved: 

1 .  Calculation  of  sampling  variance  (or  mean  square  error)  for  each  design  as  a  function 
of  sample  size  using  formulas  (2)  and  (11),  (5)  and  (1 1 ),  and  (8)  and  (1 1 ). 

2.  Calculation  of  relative  costs  for  each  design  (compared  to  the  two-stage  SRS  design) 
as  a  function  of  sample  size  using  the  cost  function  presented  in  this  report. 

3.  Calculation  of  net  relative  efficiencies  for  each  design  (compared  to  the  two-stage 
SRS  design)  as  a  function  of  sample  size. 

All  necessary  calculations  were  performed  on  a  large  time-sharing  computer  (CYBER) 
using  programs  written  by  the  author  in  APL.  All  designs  have  also  been  implemented, 
however,  on  a  less  powerful  machine  (COMPAQ  DESKPRO,  an  IBM-compatible 
microcomputer).  ^  With  the  exception  of  drawing  large  samples  for  the  PPS  without 
replacement  design,  the  microcomputer  would  be  entirely  adequate  for  all  calculations. 


^  Use  of  a  trade  name  does  not  imply  endorsement  or  approval  of 
any  product  by  the  USDA  Forest  Service  to  the  exclusion  of  others 
that  may  be  suitable. 


Estimation  of  Total 
Biomass 


There  are  many  possible  alternative  methods  for  estimating  the  total  biomass  of  fish  in 
a  small  stream.  The  approach  taken  in  this  appendix  is  the  simplest,  but  not  necessarily 
the  most  precise.  It  will  be  assumed  that  within  the  i'*"  selected  primary  unit  a  simple 
random  sample  of  n,  fish  is  selected  and  that  each  of  these  fish  is  individually  weighed. 
Individual  weight  measurements  are  needed  to  estimate  the  variance  of  the  estimated 
mean  fish  weight  within  a  selected  primary  unit. 


Methods  for  estimation  of  total  biomass  will  depend  on  the  sampling  design  used,  but 
all  methods  require  estimation  of  mean  fish  weight  within  each  selected  primary  unit. 
Mean  fish  weight  and  variance  of  mean  fish  weight  within  a  selected  unit  can  be 
estimated  as: 

n 

I 

W|  =  Sw,|/n,  ;  and 
j  =  1 


V(w,; 


n 


(i-f,)5  (w„-w,r 
I 

n,       (n,-1) 


where: 

W|  =  estimator  for  mean  fish  weight  in  primary  unit  i; 
W|j  =  weight  of  the  j"^  fish  in  the  i'^  unit,  j  =  1 ,  2,  .  .  .  ,  n, 
fi  ==  n|/Y|=  estimated  fraction  of  fish  measured  in  primary  unit  i:  and 
Y,  =  estimated  total  number  of  fish  in  primary  unit  i. 

The  above  estimator  for  the  variance  of  the  estimated  mean  weight  is  approximate 
because  the  total  number  of  fish  in  a  primary  unit,  from  which  the  n,  have  been  selected, 
is  unknown  and  must  be  estimated  using  some  population  estimation  method. 

Case  1. — Primary  units  selected  by  simple  random  sampling:  designs  A  (two-stage 
SRS)  and  B  (ratio  estimation).  For  these  two  designs,  total  biomass  can  be  estimated  as: 

B  -  Yw; 

where:  B  =  estimated  total  biomass  of  fish  in  entire  stream: 

Y  =  estimated  total  number  of  fish  in  entire  stream;  and 
w  =  estimated  mean  weight  of  fish  in  entire  stream. 

If  Y  and  w  are  nearly  statistically  independent,  then  variance  of  B  can  be  estimated  by 
(Goodman  1960): 


V<B)  -  w^V(Y)  +  Y''V(w)  -  V(w)V(Y)  . 
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The  mean  weight  of  fish  in  the  entire  stream,  w,  is  best  estimated  as: 

n         n 
w  =  SYiW/SY,  ; 

where  n  =  total  number  of  selected  primary  units.  This  estimator  is  a  weighted  average 
of  estimated  mean  fish  weights  within  selected  primary  units,  where  the  weighting 
factors  are  the  estimated  numbers  of  fish  in  selected  phmary  units. 

Because  w  is  based  on  two-stage  sampling,  with  primary  units  selected  by  SRS, 
variance  of  the  overall  estimated  mean  weight  can  be  calculated  as  (Jessen  1978, 
p.  291-294): 

n 

x\  S  a  (w  -w)  n 

MSE(w)  -  ^^ '    ,,    +  ^  S  af  V(W;)  ; 

^    '        Nn  (n-1)       Nn        >     v   >'  • 


n 
where  a,  =  Y,/(SY,/n) . 

This  estimator  is  similar  to  the  two-stage  estimators  of  variance  presented  in  appendix 
2.  The  first  term  measures  variation  among  estimated  mean  weights  among  selected 
primary  units.  The  second  term  measures  errors  of  estimation  of  mean  fish  weights 
within  selected  primary  units.  The  coefficients,  a„  are  adjustments  for  the  number  of  fish 
estimated  to  be  present  in  a  particular  sampled  unit  as  compared  to  the  average  number 
of  fish  estimated  to  be  present  in  a  selected  primary  unit. 

Case  2. — Units  selected  with  probabilities  proportional  to  size:  design  C  (PPS  without 
replacement).  For  this  design  total  biomass  within  each  selected  unit  is  estimated  first, 
and  then  a  two-stage  estimator  is  used  to  estimate  total  biomass  of  fish  in  the  entire 
stream  and  the  variance  of  this  estimated  total.  Within  any  selected  primary  unit,  total 
biomass  can  be  estimated  by: 

B,  =  Y,w,  ; 

where:  B,  =  estimated  total  biomass  in  primary  unit  1; 

Y,  =  estimated  total  number  of  fish  in  primary  unit  i;  and 
w,  ^  estimated  mean  weight  of  fish  in  primary  unit  i. 

B|  involves  the  product  of  independently  estimated  quantities,  so  Goodman's  (1960) 
result  can  be  used  to  give: 

V(Bi)  =  Y,  V(wJ  +  w,  V(Y,)  -  V(w,)V(Y,)  . 

Formulas  for  calculating  w,  and  V(Wi)  are  given  on  the  first  page  of  this  appendix 
(appendix  4).  Y,  and  V(Y,)  would  be  calculated  using  formulas  appropriate  for  the 
particular  population  estimation  method  used  at  the  second  stage  of  sampling. 
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Given  estimates  of  total  biomass  of  fish  within  each  selected  primary  unit,  the  total 
number  of  fish  in  the  entire  stream  can  be  estimated  as: 

n 
Bpps  =  2  B,/-7Tj ; 

where  -n,  is  the  probability  that  the  i"^  primary  unit  is  in  a  sample  of  size  n  primary  units 
selected  by  PPS  without  replacement. 

An  approximate  variance  of  the  estimated  total  biomass  of  fish  can  be  calculated 
by  substituting  estimated  biomass  within  a  selected  primary  unit  for  estimated  total 
number  of  fish  in  a  primary  unit  and  using  equation  (9)  (appendix  2): 

V(Bpp3)  -  2  S  IZiZlUL^  (B/tt,  -  B/7T,)2  +  SV(BJ/7r,  . 
ij>l         '' 

As  for  equation  (9),  the  summation  is  over  all  distinct  pairs  of  primary  units  that  are  in 
the  sample  of  n  primary  units. 

If  the  total  biomass  of  fish  within  selected  primary  units  is  highly  correlated  with  the  sizes 
of  those  primary  units,  then  the  PPS  design  should  prove  effective  for  estimating  total 
fish  biomass  in  small  streams.  The  performance  of  this  design  for  estimating  biomass 
has  not  been  examined,  however,  and  the  above  formulas  should  be  regarded  as 
preliminary  approximations. 
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Hankin,  D.G.  Sampling  designs  for  estimating  the  total  number  of  fish  in  small  streams.  Res. 
Pap.  PNW-360   Portland,  OR:  U.S.  Department  of  Agriculture,  Forest  Service,  Pacific 
Northwest  Research  Station.  1986.  33  p. 

A  common  objective  of  fisheries  research  is  estimating  the  total  number  of  fish  in  small  streams. 
The  conventional  approach  involves  (1)  selecting  a  small  sample  of  equal-length  sections  of 
stream,  and  (2)  estimating  the  total  number  of  fish  in  each  section  using  removal  method  or 
mark-recapture  estimators.  Error  of  estimation  of  the  total  number  of  fish  in  a  stream  arises  from 
two  sources;  (1)  extrapolation  from  the  small  number  of  sampled  sections  to  the  entire  stream, 
and  (2)  errors  of  estimation  of  fish  numbers  within  sampled  sections.  This  report  shows  that 
errors  arising  from  the  first  source  will  usually  be  far  larger  than  those  arising  from  the  second 
source.  Total  error  of  estimation  can  be  reduced  by  making  sampled  sections  equivalent  to 
natural  habitat  units.  Entire  pools  or  riffles  should  be  sampled  rather  than  fixed-length  sections 
of  streams.  The  relative  performances  of  three  alternative  sampling  designs,  which  can  be  used 
when  sampled  sections  are  equivalent  to  natural  habitat  units,  are  contrasted  in  terms  of 
accuracy  and  cost-effectiveness.  Accuracy  of  estimation  can  be  dramatically  improved  if 
sampling  designs  account  for  the  usually  strong,  positive  correlation  between  fish  numbers  and 
habitat  unit  sizes. 

Keywords:  Sampling  designs,  population  sampling,  fish  population,  fish  habitat. 


The  Forest  Service  of  the  U.S.  Department  of 
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The  U.S.  Department  of  Agriculture  is  an  Equal 
Opportunity  Employer.  Applicants  for  all  Department 
programs  will  be  given  equal  consideration  without 
regard  to  age,  race,  color,  sex,  religion,  or  national 
origin. 


Pacific  Northwest  Research  Station 
319  S.W.  Pine  St. 
P.O.  Box  3890 
Portland,  Oregon  97208 


U.S.  Department  of  Agriculture 
Pacific  Northwest  Research  Station 
319S.W.  Pine  Street 
PO.  Box  3890 
Portland,  Oregon  97208 


BULK  RATI 

POSTAGE 

FEESPAIf 

USDA-FSi 

PERMIT  No.  O 


Official  Business 

Penalty  for  Private  Use,  $300 


rir\  KI/^T  rlAto/^h  IqKaI 


I 


